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Dissertation Abstract 

Deciphering Glutamatergic Neurotransmitter Specification in the Zebrafish Spinal Cord 

Author: William C. Hilinski  

Mentor: Katharine E. Lewis, PhD 

 

The correct specification of neurotransmitter phenotypes is crucial for properly functioning 

neuronal circuitry. Neurons specify their neurotransmitter phenotypes via transcription factors that 

they express as they differentiate. Often, transcription factors that specify neurotransmitter 

phenotypes are expressed in multiple populations with the same neurotransmitter phenotype. 

Since, the transcription factors that specify this characteristic are not yet known for all spinal cord 

glutamatergic populations, we identified additional transcription factors expressed at relatively 

higher levels in glutamatergic neurons compared to inhibitory neurons. We have functionally 

tested three of these (Lmx1bb, Skor1a and Skor1b) to determine if they are required for correct 

spinal, glutamatergic phenotypes.   

We demonstrate that Lmx1b likely maintains a subset of glutamatergic phenotypes in the 

spinal cord. In lmx1bb mutant embryos, the number of cells that initially express glutamatergic 

markers are unchanged but become reduced at 36 h and to a greater degree at 48 h. In contrast, we 

observe no changes in the total number of dI5 or V0v neurons, which express lmx1bb, nor do we 

detect elevated levels of apoptosis between 36 h and 48 h in lmx1bb mutants. Lastly, we show that 

at least some of the cells that lose their glutamatergic neurotransmitter phenotype are likely to be 

V0v cells. 

Additionally, we demonstrate that skor1a and skor1b are expressed predominantly by 

glutamatergic spinal interneurons, many of which are V0v neurons. When skor1a and skor1b are 

knocked-down, we observe a significant reduction in the number of glutamatergic neurons and no 

change in the number of inhibitory neurons suggesting that these genes may be required to specify 

the glutamatergic neurotransmitter phenotype of a subset of spinal neurons.  

In parallel studies, it was shown that evx1 and evx2, genes expressed exclusively by V0v 

spinal neurons, are required to specify the V0v glutamatergic phenotype. Interestingly, we show 

that lmx1bb, skor1a and skor1b require evx1 and evx2 for their expression. In summary, these 

results suggest that skor1, skor1b and lmx1bb may function downstream of evx1 and evx2 to 
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specify and/or maintain the glutamatergic neurotransmitter phenotype of at least a subset of V0v 

neurons.     
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Overview 

 During early spinal cord development interneuron progenitor domains are arranged along 

the dorsal-ventral axis [1–4]. These progenitor populations, which are defined by the unique sets 

of transcription factors that they express, are established by different morphogens: Bone 

Morphogenetic Proteins (BMPs), Sonic hedgehog (Shh), Wnts, Fibroblast Growth Factors (FGFs) 

and Retinoic Acid (RA) [1–4]. However, it is generally accepted that the main factors that establish 

spinal cord dorsal-ventral patterning are antagonistic gradients of BMPs and Wnts secreted from 

the roof plate and outside the neural tube and Shh secreted from the floor plate and notochord [1–

4]. In the mouse, there are at least 10 different progenitor populations (from dorsal to ventral: dP1, 

dP2, dP3, dP4, dP5, dP6, p0, p1, p2 and p3) [2,4].  

As these various progenitor cells begin to differentiate and become post-mitotic, they 

express different sets of post-mitotic transcription factors [5]. To date, we know of at least 14 

major molecularly distinct interneuron populations in the mouse spinal cord (from dorsal to 

ventral: dI1, dI2, dI3, dI4, dI5, dI6, dILA, dILB, V0D, V0v, V1, V2a, V2b and V3) [6]. However, 

it is worth noting that increasing amounts of data suggest that some of these cardinal populations 

can be further subdivided [7–10]. For example, we know of at least three V0v subdivisions in 

zebrafish and V2b neurons appear to subdivide into another (V2c) population in mouse [7,8]. 

Nonetheless, our current model is that the transcription factors that these post-mitotic interneurons 

express specify many of the neuronal characteristics that allow them to function properly and 

integrate correctly into neuronal circuitry [9,11–18]. However, we still do not have a complete 

understanding of which transcription factors specify these characteristics in the various interneuron 

populations. One of these neuronal characteristics, which is the focus of my thesis, is the 

neurotransmitter phenotype.      

Neurotransmitters 

Neurotransmitters are chemical messengers released at synaptic terminals to transmit 

information from nerve cells to post-synaptic cells [19]. There are currently more than 100 

identified neurotransmitters which can be grouped into several different categories [19]. For the 

purpose of this thesis, I will group neurotransmitters as either excitatory or inhibitory. Excitatory 

neurotransmitters increase trans-membrane ion flow in post-synaptic cells while inhibitory 

neurotransmitters decrease trans-membrane ion flow in post-synaptic cells to either elicit or inhibit 

an action potential “response”, respectively [19].     
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Glutamatergic neurotransmitter phenotype 

The primary excitatory neurotransmitter in the central nervous system (CNS), and the focus 

of this thesis, is glutamate. Glutamate is a nonessential amino acid synthesized by neurons and it 

is also recycled by neurons from local precursors [19,20]. The most common local precursor is 

glutamine which is released from glia [19,21]. Using excitatory amino acid transporters, 

glutamatergic neurons take-up glutamine released from glia and convert it back to glutamate via 

glutaminase [19,21]. Whether synthesized  or recycled from glutamine, glutamate is packaged into 

vesicles, by glutamate transporters (slc17a6a and slc17a6b in zebrafish), which are stored at the 

synapse of glutamatergic neurons for release [19–21]. Upon stimulation, these vesicles release 

glutamate into the synaptic cleft to elicit responses in post-synaptic cells through specific 

glutamate receptors, such as NMDAR and mGluR [19,21] (Fig. 1).    

For a neuron to be glutamatergic, or have any other neurotransmitter phenotype for that 

matter, it must produce neurotransmitter synthesizing enzymes, neurotransmitter vesicular 

transporters, neurotransmitter membrane transporters and ultimately a neurotransmitter [22,23]. 

However, detection of neurotransmitter phenotypes is not as straight forward as just detecting any 

one of these characteristics. Specifically, to detect glutamatergic neurons one cannot simply assess 

glutamate. Glutamate is used to make GABA, a neurotransmitter released by inhibitory neurons, 

meaning it is not a specific enough maker to identify just glutamatergic neurons [19,24]. Also, 

glutaminase, the enzyme that makes glutamate from glutamine, is expressed in astrocytes which 

makes it not a specific enough marker to reliably label just glutamatergic neurons [25]. 

Furthermore, excitatory amino acid transporters are not reliable glutamatergic markers because 

they too are found on non-glutamatergic cells [24,26]. Fortunately, one can use vesicular glutamate 

transporters to specifically label glutamatergic neurons as they have been demonstrated to be 

exclusively expressed in glutamatergic neurons across several model systems and neuronal tissues 

[24,27–35]. For this reason, I use vesicular glutamate transporters to identify glutamatergic 

neurons and classify the glutamatergic neurotransmitter phenotype in this project.       

Inhibitory (GABAergic/glycinergic) neurotransmitter phenotypes 

 The key inhibitory neurotransmitters analyzed in this thesis are GABA and glycine which 

are also the most abundant inhibitory neurotransmitters used in the CNS [19]. As mentioned above, 

GABA is synthesized from glutamate, a non-essential amino acid, via glutamic acid decarboxylase 

(GAD) [19,24]. Like glutamate, GABA is also packaged into vesicles by a vesicular transporter 
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(slc32a1 in zebrafish), and these vesicles are then stored at the synapse of GABAergic neurons for 

release [36–38]. Following release and binding to GABAergic receptors (GABAA, GABAB and 

GABAC), GABA is removed from the synaptic cleft by both neurons and glia via GABA 

membrane transporters [19]. Once inside neurons or glia, GABA can be broken down into smaller 

components by the mitochondrial enzymes GABA transaminase and succinic semialdehyde 

dehydrogenase or it can be recycled for signaling [19].  

 Glycine is synthesized from serine by the mitochondrial isoform of the serine 

hydroxymethyltransferase enzyme [19]. Glycine is then packaged into vesicles by the same 

vesicular transporters (slc32a1 in zebrafish) as GABA, which are then stored at the synapse of 

glycinergic neurons for release [36–38]. Following release, glycine can be removed from the 

synaptic cleft by a glycinergic neuron specific transmembrane transporter (Slc6a5 in zebrafish) 

[39–42]. Once taken up by neurons or glia, via Slc6a5 and/or other glycine transmembrane 

transporters, glycine can either be re-cycled for signaling or broken down [19] 

 Unlike glutamatergic neurons, one can reliably identify inhibitory (GABAergic and 

glycinergic) neurons with more than one marker. Since the vesicular amino acid transporter 

(slc32a1) is expressed only in GABAergic and glycinergic neurons it can be used to identify both 

GABAergic and glycinergic (inhibitory) neurons [36–38]. However, I report in chapter 3, that at 

later stages of development not all GABAergic neurons express slc32a1, at least in the zebrafish 

spinal cord. This also seems to be true for some mouse hypothalamic proopiomelanocortin 

(POMC) neurons [43,44]. Despite this, one can still uniquely identify GABAergic neurons by their 

expression of GAD and glycinergic neurons by their expression of slc6a5 as these genes/proteins 

are only expressed in GABAergic and glycinergic neurons, respectively [39–42,45–47]. Still, like 

glutamatergic neurons, one cannot reliable identify GABAergic or glycinergic neurons by the 

presence of GABA or glycine since they are taken up by glia as well as neurons [19]. Furthermore, 

GABA transmembrane transporters are present on both neurons and glia making that a poor 

inhibitory neuron marker [19]. Lastly, it is not clear if serine hydroxymethyltransferase expression 

is specific to glycinergic neurons in all neuronal tissues [48]. For these reasons, I use slc32a1, 

GAD and slc6a5 to identify GABAergic and/or glycinergic neurons in this thesis.   
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Catecholaminergic and serotonergic neurotransmitter phenotypes 

 Catecholaminergic (noradrenergic or dopaminergic) and serotonergic neurotransmitter 

phenotypes were not assessed in my thesis work. However, in this introduction I do highlight 

pathways which specify noradrenergic, dopaminergic and serotonergic neurotransmitter 

phenotypes in order to better understand neurotransmitter phenotype specification pathways in 

general. Therefore, to recognize how other groups have identified these neurotransmitter 

phenotypes, I will briefly highlight how norepinephrine, epinephrine, dopamine and serotonin are 

synthesized and transported. 

 The catecholamines are synthesized through a series of enzymatic modifications to the 

amino-acid precursor tyrosine [19,49]. From tyrosine, dihydroxyphenylalanine is made via 

tyrosine hydroxylase. Next, dopamine is produced by DOPA decarboxylase followed by 

norepinephrine and epinephrine which are produced from dopamine-β hydroxylase and 

phenylethanol-amine N-methyltransferase, repetitively [19,49]. Similarly, serotonin is produced 

through a series of enzymatic modifications to an amino-acid precursor, tryptophan [49]. From 

tryptophan, 5-hydroxytryptophan is made via tryptophan hydroxylase followed by serotonin which 

is synthesized by L-aromatic amino acid decarboxylase [49]. Like the aforementioned 

neurotransmitters, vesicular monoamine transporters (VMAT) are used to load vesicles at the 

synapse with either dopamine, norepinephrine or serotonin [19]. Following release, dopamine is 

cleared by neurons and glia via sodium-dependent dopamine transporters while norepinephrine is 

cleared by norepinephrine transporters, which are also capable of taking up dopamine [19,49]. 

Similarly, serotonin transporters (SERT) clear serotonin from the synapse but, like many other 

membrane transporters, SERT is not specific to serotonergic neurons [19,49]. Once removed from 

the synapse these neurotransmitters can be broken down by a common enzyme, monoamine 

oxidase (MAO) [19]. Taken together, these findings demonstrate that dopaminergic, 

norepinephrinergic or serotoninergic phenotypes can only be confidently distinguished by 

assaying combinations of neurotransmitter synthesizing enzymes, particular transporters and/or 

neurotransmitters themselves. Generally, norepinephrinergic neurons are identified as neurons that 

express tyrosine hydroxylase and dopamine β-hydroxylase, dopaminergic neurons are identified 

as neurons that express tyrosine hydroxylase but not dopamine β-hydroxylase and serotonergic 

neurons are identified as neurons that express tryptophan hydroxylase and/or serotonin.      
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Neurotransmitters and disease 

There is substantial evidence linking neurotransmitter dysfunction with disease. 

Specifically, many neurodegenerative disorders, which are characterized by neuronal loss and 

cognitive defects, have stereotypical imbalances in excitation and inhibition (neurotransmission) 

[50–53]. Here, I will provide examples of disorders where glutamate dysfunction influences 

pathogenicity. I focus on glutamate dysfunction because the motivation of this thesis is to 

understand the glutamatergic neurotransmitter phenotype and how it is specified.  

Excitotoxicity 

Excitotoxicity is the process by which neurons are damaged or killed by excessive or 

prolonged stimulation of excitatory (primarily glutamate) receptors [52]. This is typically 

accomplished by the excessive release of glutamate and/or the insufficient clearing of glutamate 

from the synapse [19,52]. The excessive glutamate receptor stimulation can lead to an ion influx 

in post-synaptic cells which alters their intracellular ion homeostasis [52,54]. Moreover, the altered 

ion levels can change osmotic pressures and cause acute neuron lysis [52]. If neurons are not 

acutely lysed, altered calcium ion levels can set off a cascade of detrimental events which also 

damages and/or kills overstimulated post-synaptic neurons [54]. These calcium stimulated events 

include activation of caspases, opening of the mitochondrial permeability transition pores and the 

activation of serval enzymes including: phospholipases, endonucleases and proteases [55,56]. 

These excitotoxicity events are common among neurodegenerative diseases demonstrating the 

importance of proper excitatory neurotransmitter specification and correct excitatory 

neurotransmitter signaling/transport in neuronal tissue [52].     

Alzheimer’s disease 

Alzheimer’s disease is the most common cause of cognitive decline / dementia affecting 

more than five million American (alzheimers.org) [57]. During early stages of Alzheimer’s 

disease, neurons within the entorhinal cortex and hippocampus (memory centers) are preferentially 

affected which correlates well with the cognition / memory deficits observed in Alzheimer’s 

patients (reviewed in [58]). However, the hallmark of Alzheimer’s disease is the accumulation of 

extracellular amyloid plaques, with the primary component being Aβ peptides, and the later 

developing intracellular neurofibrillary tangles, mainly composed of tau proteins (alzheimers.org) 

[19,58].   
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Aβ is derived from amyloid precursor protein (APP) via proteolytic enzymes [59,60]. The 

exact function of Aβ is unknown however, mutations in APP near the Aβ proteolytic cleavage site 

result in altered Aβ production which leads to its extracellular accumulation [59–61]. Furthermore, 

mutations in genes that cleave or process Aβ have also been shown to cause Aβ accumulation and 

an Alzheimer’s diagnosis [59–61]. It is worth noting that these mutations only explain a fraction 

of Alzheimer’s cases (familial) as the vast majority of Alzheimer’s patients develop the disease 

sporadically [57,59,60]. Regardless of whether it is familial or sporadic Alzheimer’s, there is a 

strong and clear link between Aβ accumulation and the disease.      

Interestingly, animal models of Alzheimer’s disease as well as cell culture systems have 

made strong links between Aβ deposits, glutamate signaling dysfunction and Alzheimer’s [58]. 

Specifically, in aged rodent systems Aβ accumulation has been shown to interfere with glutamate 

uptake at the synapse [62,63]. This is supported by neuron and glia co-culture systems which 

demonstrate that the addition of Aβ to the media causes an increase in extracellular glutamate by 

inhibiting glutamate uptake mechanisms [64–66]. Ultimately, the inhibition of glutamate uptake 

at the synapse causes an excitotoxic environment leading to neuron damage and/or death which 

likely produces the cognitive defects observed in Alzheimer’s disease [58].  

Additionally, mis-expression of glutamate transporters have been correlated with 

neurofibrillary tangles, a key feature of Alzheimer’s [67–69]. EAAT1 is an excitatory amino acid 

transporter that is typically expressed in astrocytes [68]. However,  in Alzheimer’s patients it has 

been shown to be mis-expressed at high levels in pyramidal neurons, which are particularly 

affected in the disease [68]. Furthermore, in patients where EAAT1 is mis-expressed on neurons, 

increased amounts of neurofibrillary tangles with the disease defining tau proteins are strongly co-

localized. In a similar light, EAAT2 is also mis-expressed by neurons of Alzheimer’s patients but 

not in neurons of control samples [69]. Interestingly, EAAT co-localization with neurofibrillary 

tangles in neurons is not exclusive to Alzheimer’s disease. Samples from patients who had 

neurofibrillary pathology diseases that were not Alzheimer’s disease also showed disproportionate 

co-localization between tangle formation and EAAT1 within neurons which suggests that EAAT1 

mis-expression is linked to tangle formation rather than Alzheimer’s disease per se. In total, these 

correlations have raised questions as to whether the EAAT mis-expression is a secondary response 

due to neurofibrillary pathogenicity or if EAAT mis-expression is an integral player in 
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neurofibrillary development and perhaps an essential part of Alzheimer’s disease pathogenicity. If 

the latter, mis-expression of EAATs could help potentially explain Alzheimer’s development in 

sporadic cases. However, further experimentation is needed to differentiate these possibilities. In 

summary, these results demonstrate a strong link between Alzheimer’s disease signs and 

symptoms and a failure to maintain proper glutamate signaling. 

Schizophrenia 

Schizophrenia is a mental illness which affects a person’s ability to think clearly and make 

rational decisions. About 1% of adults in the United States suffer from this disorder (NIH.gov). 

Schizophrenic individuals can experience positive symptoms (hallucinations, delusion and 

movement issues), negative symptoms (reduced expression of emotions, reduced pleasure and 

reduced speaking) and/or cognitive symptoms (poor executive function, poor focusing and poor 

working memory) (http://www.nimh.nih.gov/health/topics/schizophrenia/index.shtml). There is 

no clear cause of this disorder however, substantial evidence supports the idea that 

neurotransmitters play a key role in the disease’s pathogenicity [50]. Specifically, as I discuss in 

more detail below, many believe overproduction of dopamine (dopamine hypothesis) in 

combination with glutamate-induced excitotoxicity explains many of the symptoms observed in 

schizophrenic patients [50]. 

Dysfunction in dopamine signaling is believed to be a major component of schizophrenic 

behavior because many antipsychotic drugs target dopamine receptors [50]. However, there is little 

evidence suggesting that the dopamine dysregulation is the result of dopamine receptors 

dysfunction [70–73]. Specifically, the density of dopamine receptors in post mortem brains from 

schizophrenic patients and the density of dopamine receptors in schizophrenic patients measured 

by PET scans were no different than in non-schizophrenic control subjects [70–73]. Rather, the 

dysfunction in dopamine signaling appears to be at the pre-synaptic end [74–78]. Using SPET and 

amphetamine challenging assays, Laruelle and colleagues were the first to find that more dopamine 

is released in schizophrenic patients likely due to increased dopamine production [74–78].  

However, overproduction of dopamine does not completely explain all of the symptoms 

observed in schizophrenic patients [50]. Specifically, some schizophrenic patients do not find 

relief from therapies that target dopamine receptors nor does dopamine dysfunction explain the 

structural and cognitive changes observed in schizophrenic brains [79–81]. However, there is 
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substantial evidence that suggests dysregulation of glutamate signaling can lead to psychotic 

behaviors as well as explain the structural and cognitive defects observed in schizophrenic brains 

[50]. Explicitly, blocking NMDA receptors (mainly glutamate receptors) can elicit psychotic 

episodes mimicking those observed in some schizophrenic patients [80]. Furthermore, elevated 

glutamate levels have been observed in schizophrenic patients [82,83]. It is believed that the 

elevated glutamate levels in schizophrenic patients’ brains leads to excitotoxicity and apoptosis of 

cortical neurons [50]. Supporting this, elevated bax:bcl2 ratios (a pro apoptosis readout) were 

found in post mortem schizophrenic patients’ brains [84,85].  

Again, the reason(s) why someone develops these neurotransmitter dysfunctions which 

likely cause schizophrenic symptoms are not known. However, a combination of environmental 

and genetic influences during development appear to play a role (reviewed in [50]). In total, these 

findings reiterate the importance of proper neurotransmitter release and clearing from the synaptic 

cleft for good mental health.  

Neurotransmitter specification 

Neurotransmitter phenotypes must be appropriately specified and maintained to prevent 

diseases stemming from improper neurotransmitter signaling [50–53]. As highlighted above, for 

correct neurotransmitter phenotypes and ultimately balanced excitation and inhibition, neurons 

must express the proper neurotransmitter synthesizing enzymes, neurotransmitter vesicular 

transporters, neurotransmitter membrane transporters and neurotransmitters [49]. These 

characteristics are established and maintained through intrinsic (cell-autonomous) and extrinsic 

(cell non-autonomous) mechanisms. One key category of intrinsic factors that regulates 

neurotransmitter phenotypes is transcription factors [13,14,16,86–90]. Transcription factors will 

be a primary focus in this thesis. On the other hand, extrinsic factors such as environmental 

influences, neuronal activity and transient calcium spiking activity can also effect neurotransmitter 

phenotypes though, they will not be a focus in this thesis [91–102]. Examples of extrinsic factors 

will only be discussed in this general introduction.   

Intrinsic factors: Brain 

The brain is comprised of millions of neurons which can have one or more neurotransmitter 

phenotype. The intrinsic factors which specify and maintain several of these neurotransmitter 

phenotypes are well established. For example, we have a fair understanding of which transcription 
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factors function to specify and/or maintain catecholaminergic (noradrenergic or dopaminergic), 

serotonergic, GABAergic and glutamatergic neurons in several brain regions [6,49,103].    

Noradrenergic neurons in the CNS are located in several areas but the best characterized 

are the ones within the locus coeruleus [104,105]. These neurons specify their noradrenergic 

phenotype through a well characterized cascade of transcription factors: Mash1, Phox2a, Phox2b 

and Tlx3 [49,106]. Epistatic experiments using mouse mutants show that both Phox2a and Phox2b 

are downstream of Mash1 and that each one of these transcription factors are required for 

dopamine β-hydroxylase (DBH) expression, the enzyme that converts dopamine into noradrenalin 

(i.e. noradrenergic neuron marker) [107–110]. Furthermore, Phox2b expression in the locus 

coeruleus is lost in Phox2a mutants suggesting Phox2a may specify the noradrenergic phenotype 

through Phox2b [108,110]. On the other hand, both Phox2a and Phox2b bind to the tyrosine 

hydroxylase (TH) promoter, (TH is the enzyme that makes L-DOPA from tyrosine), suggesting 

that these genes may actually function in parallel to specify TH which is required for the 

noradrenergic phenotype [111–113]. Additional work is needed to resolve these possibilities. 

Lastly, Tlx3 is also required for DBH expression in anteriorly located neurons of the locus 

coeruleus but its expression has not yet been shown to be regulated by Mash1, Phox2a or Phox2b 

suggesting it could function in a parallel pathway [106]. In total, these studies demonstrate that at 

least four transcription factors are vital for the establishment of the noradrenergic phenotype in the 

locus coeruleus.     

Dopaminergic neurons are primarily located in the substantia nigra and the ventral 

tegmental areas within the midbrain [49,114]. Again, a cascade of transcription factors function to 

specify and maintain the dopaminergic neurotransmitter phenotype in these midbrain 

dopaminergic (mDA) neurons. During proliferation, the presumptive mDA neurons express 

several transcription factors (Lmx1a, Lmx1b, Foxa2, Msx1, Msx2 and Ngn2) which are vital for 

these precursors to become fully differentiated [115–118]. As these cells become post-mitotic they 

express two more key transcription factors, Nurr1 and Pitx3, that are required specifically for the 

dopaminergic neurotransmitter phenotype [119–128]. When Nurr1 is lost in the mouse, TH is 

completely lost from the mDA region but other mDA specific markers are retained suggesting that 

Nurr1 is specifically required for the dopaminergic neurotransmitter phenotype rather than the 

global mDA cell fate [119–121]. Interestingly, while Pitx3 is expressed in both the substantia nigra 
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and ventral tegmental areas, it is only required to specify the dopaminergic neurotransmitter 

phenotype within the substantia nigra [125–128]. This differential requirement by mDA neurons 

is thought to occur through Ald1a1, a target of Pitx3 only in the substantia nigra [129]. In summary, 

these results piece together a highly organized transcription factor network which specifies the 

dopaminergic neurotransmitter phenotype within the midbrain.     

Serotonergic neurons are a relatively small group of neurons that are found in nine clusters 

along the brainstem which include the raphe pallidus, magnus, obscurus, pontis, dorsal and median 

raphe nuclei [130]. The proper specification of the serotonergic phenotype also requires a cascade 

of transcription factors: Pet-1, Lmx1b, Nkx2.2, Mash1 and Gata3 [131–139]. Like in dopaminergic 

neurons, serotonergic progenitor cells require the transcription factors Nkx2.2 and Mash1 to 

properly differentiate into mature serotonergic neurons [131–134]. Specifically, mice lacking these 

transcription factors do not express any of the known serotonergic cell markers, i.e. the global fate 

is not specified [131–134]. Downstream of these genes, Lmx1b and Pet1 both function to maintain 

the viability of post-mitotic serotonergic neurons. Mutant mice for these genes have a shared 

phenotype which is a large reduction of serotonin (5-HT) coupled with a reduction of apparent 

serotonergic cell bodies [133,135–138]. This is known because mutant knock-in lines, which 

labeled the few remaining presumptive serotonergic neurons, have disrupted morphologies and/or 

do not express the full complement of serotonin synthesis enzymes as well as 5-HT [136,138]. 

Interestingly though, Lmx1b becomes dispensable for serotoninergic neuron viability but not the 

maintenance of 5-HT during some, yet to be identified, postnatal time point [135,136]. Lastly, 

Gata3 mutants also have a large reduction of 5-HT expressing neurons but the expression of Lmx1b 

and Pet1 is spared suggesting Gata3 may function specifically to specify the serotonergic 

neurotransmitter phenotype [134]. Again, these results demonstrate a highly regulated network of 

transcription factors that specify and maintain the serotonergic neurotransmitter phenotype in the 

brainstem.  

The neocortex is comprised of glutamatergic projecting neurons and GABAergic 

interneurons. The glutamatergic projecting neurons are derived from the cortical plate and migrate 

and settle into early layers (V/VI) and then later born layers (II-IV) within the neocortex [140,141]. 

The GABAergic interneurons innervate these layers from the ventral telencephalon [141,142]. The 

cortical identities of the glutamatergic projecting neurons are determined by two transcription 
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factors (Lhx2 and Emx2) which pattern the telencephalon and establish a cortical territory [143–

145]. Like Lmx1a, Lmx1b, Foxa2, Msx1, Msx2 and Ngn2 in presumptive dopaminergic neurons 

and Nkx2.2 and Mash1 in presumptive serotonergic neurons, these transcription factors are 

expressed early during differentiation and are required for the global cell fate acquisition of cortical 

neurons [143–145].  

In mouse, Ngn1 and Ngn2 specify early cortical patterning genes and the glutamatergic 

neurotransmitter phenotype of cortical plate neurons [146,147]. Additionally, Ngn1 and Ngn2 are 

required to repress GABAergic and ventral cortical neuron phenotypes in presumptive cortical 

plate neurons [147]. Explicitly, both microarray and in situ hybridization analyses showed 

increases in the expression of ventral cortical neuron specific genes in Ngn1;Ngn2 mutant mice. 

Notably, Ngn2 single mutants had the same phenotypes as Ngn1;Ngn2 double mutants. 

Interestingly, Asc1, a mis-expressed subcortical specific gene, specifically promotes the 

GABAergic neurotransmitter phenotype in the ventral cortical neurons. This was demonstrated 

when Ngn2 and Asc1 were both knocked-out and all subcortical neuron markers were mis-

expressed by cortical progenitor neurons with the exception of GABAergic neurotransmitter 

specific genes (Gad1, Gad2, GABA-T1 and GABA/glyT) [147]. Equally, Pax6 is required to specify 

the glutamatergic neurotransmitter phenotype in early cortical plate neurons [147]. Explicitly, at 

early developmental time points in the Pax6 mutant, Ngn1, Ngn2 and other cortical plate neuron 

markers are still expressed with the exception of glutamatergic neurotransmitter phenotype 

specific genes (Vglut1 and Vglut2). At later developmental time points Ngn1 and Ngn2 become 

dispensable for cortical plate neuron specification. Instead, cortical plate neuron specification as 

well as glutamatergic neurotransmitter phenotype specification becomes dependent on the 

synergistic actions of Tlx and Pax6 [147]. In total, these results highlight neurotransmitter 

phenotype specifying transcription factors for at least early born cortical neurons.  

The cerebellum is comprised of both GABAergic (purkinje, golgi, lugaro, stellate, basket 

and candebalrum) and glutamatergic neuron populations (granular, unipolar brush cells and large 

glutamatergic projecting neurons) [6,148]. The mature GABAergic neurons are derived from the 

ventricular zone and occupy ventral positions in the cerebellum while mature glutamatergic 

neurons come from the rhombic lip and occupy dorsal cerebellar positions [6,148]. Ptf1a is 

expressed by progenitor neurons in the ventricular zone and it is required there for the formation 
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of GABAergic cell types as well as the repression of the granular (glutamtergic) cell type 

[149,150]. Conversely, Atoh1 is expressed by progenitor cells in the rhombic lip and it is required 

there for the generation of the glutamatergic populations [151–154]. Unlike the previous examples, 

the identification of clear GABAergic and glutamatergic neurotransmitter specifying factors in the 

cerebellum has been elusive. So far, the transcription factors downstream of Ptf1a and Atoh1, that 

have been functionally evaluated in the cerebellum, are involved in global cell fate specification 

of specific neuron types rather than the specification of the neurotransmitter phenotype specifically 

[6]. For example, Lhx1, Lhx5 and their co-factor Ldb1 are required for purkinje cell differentiation 

while Asc1 is required for basket and stellate cell differentiation [155,156]. Nevertheless, all these 

studies support the fact that intrinsic factors (transcription factors) within the brain function in 

cascades to specify neurotransmitter phenotypes.  

 In summary, these studies demonstrate that various neurotransmitter phenotypes are 

specified in similar ways across different brain structures. Specifically, progenitor pools express 

groups of transcription factors that are necessary for progenitor populations to differentiate 

properly [115–118,131–134,143–145,149–154]. Downstream of these progenitor transcription 

factors, are sets of transcription factors that function to refine neuronal characteristics, establish 

distinct subpopulations of neurons and/or maintain neuron viability within the various brain 

structures [108,110,133,135–138,155–157]. Moreover, most of the pathways highlighted above 

required neurotransmitter terminal differentiation genes which appear to specify just 

neurotransmitter phenotypes in the locus coeruleus, substantia nigra, ventral tegmental area, raphe 

nucleus and neocortex [107–110,119–122,126–129,139,157,158].  

 Interestingly, these neurotransmitter terminal differentiation genes are not recycled among 

the different neurotransmitter specifying pathways, at least among the pathways highlighted in 

these brain structures. Specifically, Phox2a, Phox2b and Tlx3 specify noradrenergic phenotypes; 

Nurr1 and Pitx3 specify dopaminergic phenotypes; Gata3 specifies serotonergic phenotypes; Pax6 

specifies glutamatergic phenotypes; and Ascl1 specifies inhibitory neurotransmitter phenotypes 

[107–110,119–122,126–129,139,157,158]. Moreover, different brain structures or even different 

positions within a brain structure do not always require the same neurotransmitter terminal 

differentiation factors to specify their similar neurotransmitter phenotype. Explicitly in the 

substantia nigra both Nurr1 and Pitx3 are required for the dopaminergic neurotransmitter 
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phenotype however Pitx3 is dispensable in the ventral tegmental area [125–128]. Additionally, 

Tlx3 is only required for the noradrenergic neurotransmitter phenotype in anteriorly located 

neurons of the locus coeruleus [106]. However, it is worth noting that some of these transcription 

factors (Ptf1a and Ascl1) specify the same neurotransmitter phenotypes in the spinal cord, which 

will be discussed in more detail in later sections and chapters.      

Intrinsic factors: Spinal cord 

Similar to the brain, the spinal cord also uses different transcription factor pathways to 

specify the neurotransmitter phenotypes of its numerous interneuron populations. As mentioned 

previously, along the dorsal ventral axis of the spinal cord there are at least 14 cardinal interneuron 

populations (dorsal to ventral: dI1, dI2, dI3, dI4, dI5, dI6, dILA, dILB, V0D, V0v, V1, V2a, V2b 

and V3) that are molecularly defined [6,13,159]. However, as mentioned earlier, increasing 

amounts of evidence support the idea that many of these populations can be further subdivided [7–

10]. Nevertheless, each of these 14 molecularly distinct interneuron populations has a specific 

neurotransmitter phenotype. In amniotes, the dI1, dI2, dI3, dI5, dILB, V0v, V2a and V3 

populations are glutamatergic (excitatory) while the dI4, dI6, dILA, V0D, V1 and V2b populations 

are glycinergic and/or GABAergic (inhibitory) [6,13,159]. At the start of this project, it was mostly 

unknown how glutamatergic neurotransmitter phenotypes are specified and maintained in the 

spinal cord. Explicitly, transcription factors that specify the glutamatergic neurotransmitter 

phenotype had only been identified for dI3, dI5 and dILB neurons [13,14]. Conversely, 

transcription factor(s) that function to specify the glycinergic and/or GABAergic phenotypes had 

been identified for most of the inhibitory neuron populations (dI4, dI6, dILA, V1 and likely V0D)  

[9,16,90,160,161].    

Work from mouse suggests that the inhibitory neurotransmitter phenotypes of dorsal spinal 

cord interneurons, dI4, dI6 and dILA, first require Lbx1 or the combination of Lbx1 and Ptf1a [13–

15,160–162]. Specifically, Lbx1 is required for dI4, dI6 and dILA neurons to acquire inhibitory 

neurotransmitter phenotypes [13–15,160] while, dI4 and dILA neurons also require Ptf1a for their 

inhibitory neurotransmitter phenotypes [160–162]. However, it is likely that dI4 neurons require 

Ptf1a for their global cell fate acquisition and not just their neurotransmitter phenotype because 

many other genes expressed in dI4 neurons are lost in Ptf1a and Lmx1b, a dI5 marker, is 

upregulated [160,161]. Furthermore, Ptf1a is sufficient to induce a spinal, dI4-like expression 

profile when ectopically expressed in mouse cortical pyramidal neurons [163]. Together these 
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results suggest at least Lbx1 is required for dorsal spinal cord (dI4, dI6 and dILA) inhibitory 

neurotransmitter phenotypes while Ptf1a is likely required for the dI4 global cell fate. 

Ptf1a and Lbx1 are also required for Pax2 expression in dorsal inhibitory spinal 

interneurons (dI4, dI6 and dILA) [14,90,160,161]. In addition to the dI4, dI6 and dILA domains, 

Pax2 (pax2a and pax2b in zebrafish) is also expressed in ventral spinal cord neuron populations, 

V0D and V1 [5,6,8,9]. Furthermore, closely related family members Pax8 and Pax5, in mouse, and 

just pax8, in zebrafish, are co-expressed with Pax2 in the spinal cord and likely function 

redundantly to specify inhibitory neurotransmitter phenotypes in those neurons [9,13,16]. 

Explicitly, in mouse Pax2 mutants Gad1 and Slc32a1 expression is drastically reduced in the 

dorsal spinal cord while inhibitory neurotransmitter phenotypes are initially unaffected in the 

ventral spinal cord [13,16]. Interestingly, Pax8 and Pax5 expression in the Pax2 mouse mutant is 

also drastically reduced in the dorsal spinal cord but unaffected in the ventral spinal cord at early 

time points but by E17.5 the expression of these two genes is nearly absent in the entire mouse 

spinal cord along with the expression of Slc32a1 and Gad67, inhibitory neurotransmitter 

phenotype markers [9,16]. Moreover, in pax2a mutant zebrafish embryos that have had pax2b and 

pax8 knocked-down, there are significantly fewer V1 neurons with inhibitory neurotransmitter 

phenotypes as well as fewer inhibitory neurons where V0D and more dorsal neurons typically reside 

[9]. Together these results suggest that Pax2 (pax2a and pax2b in zebrafish) is required for 

inhibitory neurotransmitter phenotypes for most spinal cord inhibitory interneurons but Pax8, 

Pax5 (mouse) and potentially other gene(s) function at least partially redundantly with Pax2 to 

specify inhibitory neurotransmitter phenotypes in Pax2-expressing neurons. Lastly, Lhx1 and 

Lhx5 function to maintain both Pax2 expression and inhibitory neurotransmitter phenotypes in 

mouse dI4 and dI6 inhibitory neurons [16]. In total, these results have identified transcription 

factors pathways which specify and maintain inhibitory neurotransmitter phenotypes in the spinal 

cord (Fig. 2).  

To specify their glutamatergic neurotransmitter phenotype, early born dI5 neurons require 

Gsh1, Gsh2, Asc1, Tlx1 and Tlx3 in the mouse spinal cord [13,14,90]. In dI5 progenitors Gsh1, 

Gsh2 and Asc1 promote the glutamatergic phenotype by inducing expression of Tlx1 and Tlx3 

[90]. In mouse dI3 and dI5 neurons, Tlx1 and Tlx3 are required for the glutamatergic 

neurotransmitter phenotype [13,14]. Moreover, Tlx1 and Tlx3 or their downstream target(s) 
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specify the glutamatergic phenotype by presumably sequestering Lbx1, an inhibitory 

neurotransmitter phenotype promoting transcription factor [14,160,164]. This model is proposed 

because Lbx1 is co-expressed with Tlx1 and Tlx3 in dI3 and dI5 neuron populations but 

overexpression of Lbx1 in the chick spinal cord causes dI3 and dI5 neurons to become GABAergic 

(inhibitory) rather than their glutamatergic neurotransmitter phenotype presumably because Lbx1 

is able to overcome the Tlx3-mediated inhibition  [13–15]. Furthermore, in Tlx1;Tlx3 double 

mutant mice, Pax2 and other inhibitory markers, which are downstream of Lbx1, are increased 

[13]. Lastly, and most importantly, the expression of Lbx1 is not affected in Tlx1:Tlx3 mutants 

suggesting that Lbx1 function is not altered at the RNA level but rather at the protein level [13]. 

Together these results demonstrate that the cascade of Gsh1, Gsh2, Asc1, Tlx1 and Tlx3 promote 

the glutamatergic phenotype over inhibitory phenotypes in mouse dI3 and dI5 neurons by 

presumably repressing inhibitory phenotype promoting factors (Fig. 2).  

Interestingly, later born dILA, inhibitory and dILB, excitatory neurons are derived from a 

single progenitor domain, in the dorsal spinal cord, which expresses the same transcription factors 

(Gsh1, Gsh2 and Asc1) as the dI5 glutamatergic progenitor neurons [90]. To generate dILA 

inhibitory neurons the interaction among Gsh1, Gsh2 and Asc1 is altered in the dIL progenitor 

neurons. Notably, Asc1 switches from being a glutamatergic promoting transcription factor, as it 

is in early dI5 progenitor neurons, to an inhibitory promoting transcription factor in dIL neurons. 

Explicitly, in chick dI4 neurons Asc1 is sufficient to repress Pax2 and induce Tlx3 but in mouse 

dIL progenitors Ascl is required for the expression of Pax2, Ptf1a and Slc32a1 (an inhibitory amino 

acid transporter) [90]. The ability of Asc1 to specify inhibitory neurons from the dIL domain occurs 

through a cell autonomous mechanism. Asc1 antagonizes Gsh1 and Gsh2 and the glutamatergic 

neurotransmitter phenotype by upregulating Ptf1a which is sufficient to induce inhibitory 

neurotransmitter phenotypes [90]. Additionally, Ash1 modulates Notch signaling, a cell non-

autonomous mechanism, in adjacent dIL progenitor neurons to induce the presumptive dILB 

glutamatergic fate [90]. Together these mechanisms work to prudence dILA, inhibitory and dILB, 

excitatory neurons in a salt and pepper pattern from a single dIL progenitor domain.  

Before this thesis work, Dr. Cerda and Dr. England in the Lewis Lab demonstrated that 

two transcription factors Hmx2 and Hmx3a are required for the glutamatergic neurotransmitter 

phenotype of zebrafish dI2 interneurons (Cerda & England, unpublished). Specifically, they 
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demonstrate that dI2 neurons co-express hmx2 and hmx3a and that the number of glutamatergic 

cells is reduced when hmx2 and hmx3a are knocked-down and that the number of cells reduced 

matches the number of dI2 hmx3a-expressing neurons. Furthermore, hmx2 and hmx3a likely 

repress inhibitory neurotransmitter phenotypes in dI2 neurons because the number of inhibitory 

neurons is increased in embryos where hmx2 and hmx3a are knocked-down and this increase is 

roughly equivalent to the number of glutamatergic cells lost as well as the number of hmx3a-

expressing dI2 neurons. Interestingly, hmx2 and hmx3a are also co-expressed in inhibitory V1 

neurons (Cerda & England, unpublished). This is interesting because these data suggest that hmx2 

and hmx3a are not required for V1 neurotransmitter specification and that cell type specific factors 

likely modify their functions in dI2 and/or V1 interneurons. Nonetheless, these results support the 

hypothesis that hmx2 and hmx3a, at least in zebrafish, specify the glutamatergic neurotransmitter 

phenotype in dI2 interneurons.    

In parallel to my thesis work, Dr. Juárez-Morales, also in the Lewis Lab, identified two 

transcription factors that function to specify the glutamatergic neurotransmitter phenotype in an 

additional spinal interneuron population [17]. He found that in the zebrafish spinal cord Evx1 and 

Evx2 function partially redundantly to specify the glutamatergic neurotransmitter phenotype and 

inhibit the glycinergic neurotransmitter phenotype in V0v interneurons [17] (Fig. 2). In mouse, 

Evx1 has a different function which is to prevent V0v interneurons from switching their global 

fates and becoming more ventral V1 (inhibitory) interneurons [11]. These differences between 

animals may have arisen from evolutionary changes to the functions of Evx1 and Evx2. 

Alternatively, these differences may be due to changes in the timing and expression of other genes 

in V0v neurons. Specifically, dbx1 genes, which in mouse are expressed in V0v progenitor cells 

and also function to prevent presumptive V0v neurons from becoming V1 neurons, persist into 

post-mitotic V0v neurons in zebrafish [17,165]. This persistence in the faster developing zebrafish 

V0v may be what prevents the V0v to V1 neuronal fate shift in evx1;evx2 zebrafish mutants [17]. 

Still, at least for zebrafish, another population of neurons has been added to the list of neurons for 

which we know genes that function to specify glutamatergic neurotransmitter phenotypes.  

Interestingly, Evx1 and Evx2 are only expressed in V0v spinal neurons, hmx2 and hmx3a 

are only expressed in one glutamatergic population (dI2) and neither V0v nor dI2 neurons express 

Tlx1, Tlx3, Gsh1, Gsh2 or Asc1 the other glutamatergic neurotransmitter phenotype promoting 
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transcription factors identified in mouse [13,14,17]. Together these data demonstrate that the 

known glutamatergic neurotransmitter promoting transcription factors are not shared among spinal 

interneuron populations. This is unlike inhibitory neurons because most seem to specify their 

inhibitory phenotypes through Pax2 which is expressed in multiple (dI4, dI6, dILA V0D and V1) 

inhibitory populations [9,160]. This raises the question of whether there are any other transcription 

factors that are shared among the glutamatergic spinal neurons that function to specify and/or 

maintain glutamatergic neurotransmitter phenotypes. This is a question addressed in subsequent 

chapters of this thesis. 

Extrinsic factors: Environmental influences 

Extrinsic factors can also alter neurotransmitter phenotypes [88]. One type of extrinsic 

factor that influences neurotransmitter phenotypes is environmental cues. Environmental cues can 

come from the tissues surrounding a neuron or can come from the environment the entire organism 

is living in [98,166–168]. An example of the latter comes from the Spitzer lab. The number of 

neurons expressing TH (dopaminergic neuron marker) within the ventral suprachiasmatic nucleus, 

which is part of a circuit in Xenopus that changes pigmentation in response to the organisms 

environment, is correlated with changes in light exposure [98]. Explicitly, these ventral 

suprachiasmatic nucleus neurons express more TH when they are exposed to light which results 

in Xenopus larvae with less pigment [98]. Conversely, these ventral suprachiasmatic nucleus 

neurons express less TH when they are in low light resulting in Xenopus larvae with more pigment 

[98].  In terms of local environmental cues, several secreted molecules have been shown to 

influence neurotransmitter phenotypes [166–168]. Specifically, in cultured neurons from the 

telencephalon of rats, the addition of fibroblast growth factor caused a three-fold increase in 

glutamatergic neurons [168]. Together, these examples highlight the ability of environmental cues 

to influence neurotransmitter phenotypes.  

Extrinsic factors: Neuronal activity 

An additional extrinsic cue which can alter neurotransmitter phenotypes is neuronal 

activity. There are numerous examples using cultured neurons which show that blocking excitatory 

or inhibitory activity leads to an increase in receptors for and/or proteins which synthesize 

neurotransmitters of the opposite excitatory/inhibitory neurotransmitter phenotype [94–97,169]. 

Additionally, an in vivo study using NMDA receptor antagonists (which reduce glutamate activity) 

in rat and NMDA mutant mice confirms these in vitro results. Specifically, the dampening of 
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glutamatergic responsiveness results in an increase of cholinergic (excitatory) neurons in the 

hypothalamus [170]. Together these results highlight the ability of neurons to alter their 

neurotransmitter phenotypes in response to neuronal activity / extrinsic factors suggesting that 

these factors are vital for the maintenance and/or re-specification of neurotransmitter phenotypes.      

Extrinsic factors: Calcium spiking 

A specific type of neuronal activity is calcium spiking which, I discuss separately as a 

recent emphasis has been made to highlight its role in neurotransmitter phenotype specification 

and/or maintenance [88,91,99,101]. In Xenopus spinal neurons, alterations in calcium spiking 

activity, through pharmacological agents or the overexpression of channels that increase (rNav2aα 

and rNav2aβ) or decrease (hKir2.1) calcium spiking activity, modify neurotransmitter phenotypes 

[99]. Specifically, decreasing calcium spiking activity results in an increase of glutamatergic spinal 

neurons and a corresponding decrease of inhibitory spinal neurons and vice-versa. Furthermore, 

calcium spiking frequency regulates excitatory/inhibitory neurotransmitter phenotypes. This work 

is bolstered by previous studies using cultured neurons which also highlights the responsiveness 

of neurotransmitter phenotype specification to calcium spiking activity  [171,172]. Interestingly, 

during a critical period during early neurogenesis in Xenopus embryos, prior to synapse formation, 

neurons secrete both GABA and glutamate which in turn regulate calcium spiking 

activity/frequency [91,173]. In total, these results suggest mature neurotransmitter phenotypes in 

Xenopus may be specified through the regulations of early glutamate and GABA release which in-

turn regulates calcium spiking activity. It should be noted that calcium spiking activity is observed 

in other organisms though its relationship with neurotransmitter specification has not been studied 

in those other systems [174,175].      

Ultimately, these environmental cues must coalesce with intrinsic cues (transcription 

factors) to specify and/or maintain neurotransmitter phenotypes. Examples highlighting the 

interactions of calcium spiking activity, transcriptional regulation and neurotransmitter 

specification are now just being identified. Tlx3, which was discussed earlier, is an intrinsic factor 

required for the specification of the glutamatergic neurotransmitter phenotype in dI3 and dI5 spinal 

neurons [13,14,100]. The expression of Tlx3 in Xenopus is influenced by calcium spiking activity 

[100]. The activation and repression of Tlx3 expression is directly regulated by cJun which itself 

is regulated by calcium spiking activity [100]. Specifically, cJun is de-phosphorylated in response 

to calcium spiking activity and in-turn does not repress Tlx3 transcription thus promoting the 
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glutamatergic neurotransmitter phenotype. However, the mechanism by which calcium spiking 

activity phosphorylates and de-phosphorylates cJun is still unknown.  

Additionally, Lmx1b, a key component of the serotonergic neurotransmitter specification 

pathway in the brainstem, is also affected by calcium spiking activity [89,133,135–137]. 

Specifically, the expression of Lmx1b is modulated by calcium spiking frequencies though, unlike 

the Tlx3 example, there is no clear link (like cJun) between Lmx1b transcription and calcium 

spiking activity [89]. In other words, it is not clear how calcium spiking activity modulates the 

transcription of Lmx1b. Regardless, these examples highlight the merger of intrinsic and extrinsic 

pathways in the specification of neurotransmitter phenotypes.  

Lmx1b 

One key intrinsic factor that I examine in this thesis is lmx1b. In chapter 3, I will present 

data that demonstrates that lmx1ba and lmx1bb, zebrafish ohnologs, are required to specify and/or 

maintain glutamatergic neurotransmitter phenotypes in the spinal cord. Prior to my work, Lmx1b 

had been shown to be required for correct differentiation of interneurons in the mouse spinal cord 

[158,176]. Specifically, Phox2a, Drg11, Ebf1, Ebf3 and Rnx expression is lost or reduced in the 

dorsal spinal cord of Lmx1b mutant mice suggesting a differentiation defect [158]. Also supporting 

a differentiation defect hypothesis, Lbx1 expression, which is co-expressed with Lmx1b in dI5 

neurons, and BrdU expression were both unaffected in Lmx1b mutants suggesting proliferation 

was not responsible for the changes in expression of the aforementioned genes [158]. Furthermore, 

there was no change in TUNEL staining from E11.5-15.5 in Lmx1b mutants suggesting the 

changes in expression were not due to neurons dying either [158]. However, cell death was 

detected in Lmx1b mutants at a later stage (E18.5) in a separate study [176]. Since cell death was 

detected at a developmental time point following the changes in gene expression, it is reasonable 

to assume that it is a secondary effect due to improper specification.  

In addition to differentiation defects, TrkA+, nociceptive primary afferents abnormally 

innervate the dorsal horn of the spinal cord in Lmx1b mutants [158,176]. Specifically, TrkA+ 

afferents do not innervate laminae I-II in the dorsal horn of the spinal cord in Lmx1b mutant mice 

[158,176]. Furthermore, Szabo and colleagues demonstrate these abnormal innervations are likely 

nociceptive innervations because Lmx1b mutant mice have increased thresholds to thermal and 
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mechanical stimuli [176]. In summary, these results demonstrate that Lmx1b is required for correct 

differentiation of dorsal horn neurons and the correct innervation of nociceptive primary afferents.  

Interestingly, consistent with my results, which suggest lmx1b genes maintain 

glutamatergic phenotypes in the spinal cord,  Lmx1b maintains 5-HT in mature serotonergic 

neurons of the adult raphe nucleus  [135,136]. Explicitly, when Lmx1b was conditionally ablated 

from adult mice, specific serotonergic neuron markers were unaffected but 5-HT and 5-HT 

synthesizing genes were lost in the raphe nucleus [135]. In addition to its role in serotonergic 

neurons, Lmx1b is also required to maintain the glutamatergic neurotransmitter phenotype in 

neurons within the mouse trigeminal brainstem complex [177]. Specifically, Lmx1b knock-out 

mice generate glutamatergic neurons but cannot maintain this neurotransmitter phenotype [177]. 

Instead, these Lmx1b mutants have an increase of GABAergic neurons in this brain region that is 

roughly equivalent to the loss of glutamatergic neurons. Additionally, Lmx1b is sufficient to inhibit 

GABAergic phenotypes as ectopic expression of Lmx1b results in a reduction of Gad1 and Pax2 

expression in the superior colliculus [177]. These results suggest that Lmx1b maintains the 

glutamatergic phenotype in the trigeminal brainstem complex and represses a GABAergic 

phenotype. In total, Lmx1b has a clear role in at least two different neurotransmitter maintenance 

pathways. 

Outside of the CNS, Lmx1b is expressed in limb tissue and functions there to dorsalize the 

limb [178,179]. In lmx1b mutant mice, paws lack structures normally found on the top of their 

paws and instead develop ventral structures [178]. In humans, Lmx1b mutations are responsible 

for the autosomal dominant disorder nail-patella syndrome (NPS) [179–182]. Like in mouse 

mutants, NPS sufferers also lack dorsal structures on their limbs such as finger nails and patellas 

in their knees, hence the name [179–182]. Additionally, some NPS sufferers have kidney 

dysfunction [179–181]. In mouse models, loss of Lmx1b results in kidneys with thinner glomerular 

basements membranes providing a potential explanation for the dysfunctional kidneys in some 

NPS sufferers [178,183,184]. In total, these results highlight the diverse functions of Lmx1b in 

multiple tissue types.  

Skor1 and Skor2 

In addition to lmx1b genes, this thesis examines skor1a, skor1b and skor2 in the zebrafish 

spinal cord. Previous work shows Skor1 and Skor2 (Skor previously called Corl family) are part 
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of a larger Sno homology domain containing family which includes Skil (called Sno in fly) and 

Daschound family member genes  [185–187]. The conserved Sno homology domain has been 

demonstrated to interact with Smad proteins [185,186,188]. Specifically, both mouse Skor1 and 

Skor2 directly bind Smad2 and Smad3 to presumably repress TGF-β signaling [189,190]. 

Puzzlingly, in the fly mushroom body, Fuss (fly Skor) functions in a pathway with Smad2 though 

it appears to be downstream of Smad2 signaling and not a Smad2 co-factor [186]. 

As well as binding to and regulating Smad proteins, Skor1 also directly interacts with Lbx1 

to repress transcription in vitro. Specifically, Mizuhara and colleagues could reciprocally co-

immunoprecipitate FLAG-Skor1 and HA-Lbx1 that were expressed in 293E cells [191]. 

Additionally, they were able to demonstrate co-repressor activity in NS20Y cells by expressing 

Skor1, a Gal4-Lbx1 fusion protein and a reporter construct that consisted of a Gal4 binding site 

upstream of SV40 and a luciferase gene. By measuring the change in luciferase intensity the 

authors could infer activation and/or repression activity of Skor1 and Lbx1 [191]. Specifically, 

luciferase activity was reduced to a greater degree in Skor1 + Gal4-Lbx1 cells than Gal4-Lbx1 

cells alone suggesting Skor1 can cooperatively repress transcription with Lbx1. Excitingly, in the 

mouse spinal cord Skor1 and Lbx1 are co-expressed in dI4 and dI5 spinal interneurons [191] (Fig. 

2). As discussed earlier, Lbx1 is required for the specification of inhibitory neurotransmitter 

phenotypes in the spinal cord [14,192]. This connection raises an intriguing possibility that Skor1 

with Lbx1 may specify neurotransmitter phenotypes in the spinal cord. In chapter 4, I explore the 

roles of skor1a, skor1b and, the closely related, skor2 genes in the spinal cord.  

In addition to being expressed in the spinal cord, Skor1 and Skor2 are also expressed in the 

cerebellum of mammals [189–191,193]. A Skor2 mutation in mouse leads to a smaller cerebellum 

with fewer cerebellar fissures [194]. This phenotype is the result of arrested granular cell 

proliferation and a lack of dendrite arborizaiton on purkinje cells [194]. Interestingly, recent work 

has linked human Skor1 mutations with restless leg syndrome which makes sense given it is also 

expressed in the cerebellum of mammals, a key site for motor coordination [195–197]. Together 

these results underscore the importance of studying the Skor genes as they may have a direct 

relevance to human disease.  
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V0v neurons 

 In this thesis, I focus on V0v neurons (chapter 3 and 4). V0v neurons differentiate from the 

V0 domain (Dbx1-positive, Nkx2.2-negative) and occupy a position ventral to V0D neurons which 

also come from the V0 progenitor pool in all vertebrates examined so far [11,132,165,198]. Other 

than position, V0v and V0D neurons can be distinguished by the expression of Evx1 and Evx2 as 

these transcription factors are exclusively expressed by V0v neurons in the spinal cord 

[8,11,17,199–206]. Additionally, V0v cells are glutamatergic while the V0D neurons are inhibitory 

[8,17].  

Morphologically, V0v neurons project their axons towards the head (ascending) after they 

cross the midline of the animal (commissural) [8,11,17]. In mouse these projections are 

approximately four somite segments long while in fish they are 10-20 somite segments long [8,11]. 

At least in zebrafish, these commissural ascending neurons are the first born V0v neurons, mostly 

born before 24 h [8]. Following the production of commissural ascending V0v neurons there are 

two more waves of V0v differentiation, each with different morphologies [8]. The second wave, 

which occurs at approximately 24-36 h, produces commissural bifurcating V0v neurons while the 

last wave, which occurs at approximately 36-48 h, produces commissural descending V0v neurons 

[8].  

Functionally, V0v neurons are part of the locomotor circuitry [198,206,207]. As part of 

that circuitry, V0v neurons regulate left-right limb alternations during fast movements in mice 

[198,206,207]. Interestingly, in zebrafish V0v neurons are selectively activated during slow 

swimming [208–210]. Moreover, a recent study has implicated cerebral spinal fluid contacting 

neurons (Kolmer-Agduhr neurons) in regulating slow swimming through a V0v neuron containing 

circuit [159]. In total, these studies highlight the importance of V0v neurons which are key 

components of chapters 3 and 4.  

Hypothesis and summary of chapters 

Chapter 2 

 When this project was started, all the transcription factors that function to specify and/or 

maintain neurotransmitter phenotypes in the spinal cord were expressed in more than one neuron 

population which shared that same neurotransmitter phenotype [9,13,16,90,160,161]. However, 

there were still many populations of glutamatergic neurons that we did not know which 

transcription factors specified and/or maintained their neurotransmitter phenotype. Therefore, we 
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predicted that there may be some transcription factors that are differentially expressed in 

glutamatergic neurons that potentially function to specify and/or maintain their shared 

glutamatergic neurotransmitter phenotype. By using microarray expression profiling and in situ 

hybridization we identified genes expressed relatively higher in glutamatergic neurons in the 

ventral spinal cord when compared to inhibitory neurons in the ventral spinal cord. Specifically, 

we identified 11 transcription factors that are likely expressed in at least some glutamatergic, 

ventral interneuron populations.  

Chapter 3 

 Identified in chapter 2, lmx1bb is a transcription factor which has been shown to function 

in neurotransmitter maintenance in the mouse brain [136,177]. Furthermore, lmx1b has been 

shown to be a direct target of Asc1, a glutamatergic promoting gene, in the mouse spinal cord 

[162]. Together these results motivated us to question whether lmx1bb and its ohnolog lmx1ba 

specify and/or maintain the glutamatergic neurotransmitter phenotype in the spinal cord. Our work 

suggests that the lmx1b genes are required for the glutamatergic neurotransmitter characteristic for 

a subset of spinal interneurons. Furthermore, during this thesis work, evx1 and evx2 were shown 

to specify the glutamatergic neurotransmitter phenotype in V0v neurons [17]. Since the microarray 

expression profile data and in situ hybridization data from chapter 2 suggested that lmx1bb is 

expressed in V0v neurons and more dorsal cells, we tested whether this gene was expressed in V0v 

and dI5 neurons. By using a transgenic line which labels V0v we were able to demonstrate that a 

subset of V0v neurons express lmx1bb. Because lmx1bb is expressed in at least some V0v neurons 

and it is required for glutamatergic neurotransmitter phenotypes, we hypothesized that lmx1bb and 

potentially lmx1ba function downstream of evx1 and evx2 to either specify and/or maintain the 

glutamatergic neurotransmitter phenotype in some V0v neurons. We show that both lmx1b genes 

require evx1 and evx2 for their expression and that in the lmx1bb mutants there are fewer 

glutamatergic V0v neurons. In summary, chapter 3 suggests that the lmx1b genes specify and/or 

maintain the glutamatergic neurotransmitter phenotype downstream of evx1 and evx2 for at least a 

subset of V0v interneurons and potentially for other spinal cord neurons (dI5 neurons).    

Chapter 4 

 Also identified in chapter 2, skor1a and skor1b are additional transcription factors which I 

demonstrated are expressed by excitatory spinal cord cells. Given their expression patterns, I 

hypothesized that they may be required to specify the glutamatergic neurotransmitter phenotype 
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in a subset of spinal cord interneurons. By using morpholinos to knock-down skor1 function I 

demonstrate that there is a reduction in the number of glutamatergic neurons and no change to the 

number of inhibitory neurons suggesting these transcription factors may specify the glutamatergic 

neurotransmitter phenotypes for a subset of spinal neuorns. To confirm these results, at a future 

date, we have generated skor1a and skor1b mutant zebrafish via the CRISPR/Cas9 system and 

attempted to generate skor2 mutants. Additionally, we questioned whether skor1a, skor1b and, 

their closely related family member, skor2 are expressed in V0v neurons and whether they require 

evx1 and evx2 for their expression. Again, using a transgenic zebrafish which label V0v neurons 

with EGFP, we demonstrate that all members of the skor family are expressed in V0v neurons. 

Also, using evx1;evx2 double mutants we demonstrate that all three skor genes require evx1 and 

evx2 for their expression in V0v cells. Together, these results suggest that at least Skor1a and 

Skor1b and possibly also Skor2 may function downstream of Evx1 and Evx2 to specify the 

glutamatergic neurotransmitter phenotype in V0v neurons.   
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Figures and Legends 

 

Fig. 1: Glutamate synthesis and cycling between neurons and glia 

The action of glutamate (green dots) on glutamate receptors (red rectangles) is terminated by its 

uptake by surrounding neurons and glia. Glutamate is taken up via excitatory amino acid 

transporters (blue ovals). In glia, glutamate is converted to inert glutamine (yellow dots) by 

glutamine synthetase. Glutamine is released from glia and take up by glutamatergic neurons via 

excitatory amino acid transporters. Within glutamatergic neurons glutamine is converted back to 

glutamate by glutaminase. Lastly, glutamate is packaged into vesicles by vesicular glutamate 

transporters (orange square). This cartoon was adapted from [19].  
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Fig. 2: Specification of excitatory and inhibitory spinal interneurons 

The specification of spinal interneuron neurotransmitter phenotypes is directed by different 

transcription factor pathways. Schematic summary of where key neurotransmitter specifying 

transcription factors are expressed (left). Cartoon of spinal cord hemi-section (middle) shows 

position of various spinal neurons and their respective neurotransmitter phenotype: glutamatergic 

(green) or inhibitory (red). The different transcription factors pathways that dI3, dI4, dI5, dI6, V0D, 

V0v and V1 neurons use to specify their neurotransmitter phenotypes (right). Red arrows point to 

cascades used to specify inhibitory phenotypes in dI4, dI6, V0D and V1 interneurons. Green arrows 

point to cascades used to specify glutamatergic phenotypes in dI2, dI3, dI5 and V0v interneurons. 

Cascades in dI3, dI4, dI5, dI6 have been elucidated in mouse while cascades in dI2, V0D, V0V, and 

V1 neurons have been elucidated in zebrafish. This figure is adapted from [6].    
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CHAPTER TWO 
Expression Profiling Glutamatergic Interneuron Populations in the Zebrafish Spinal Cord 
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Abstract 

Background 

Neurons must specify and maintain many key characteristics in order to integrate and 

operate properly within neuronal circuitry. One of these key characteristics is their 

neurotransmitter phenotype. As with many other neuronal properties, neurotransmitter phenotypes 

are often specified and maintained by particular transcription factors. Imbalances in 

neurotransmission, resulting from a failure to maintain or acquire proper neurotransmitter 

phenotypes, can lead to diseases and neural disorders. However, our knowledge of which 

transcription factors function to specify and/or maintain neurotransmitter phenotypes is limited. 

Methods 

Microarray expression profiles from specific interneuron populations in the zebrafish 

spinal cord were evaluated to identify transcription factors expressed in excitatory (glutamatergic) 

neuron populations. 

Results 

We identified 36 genes that appeared to be expressed relatively higher in excitatory (V0v 

and V2a) interneurons than inhibitory (V1, V2b and Kolmer-Agduhr) neurons when comparing 

microarray expression profiles of those populations. However, when we assessed expression by in 

situ hybridization for 35 of these genes only four genes were expressed relatively higher in 

presumptive V0v and V2a interneurons while an additional six were expressed relatively higher in 

just V0v neurons in the ventral spinal cord. Also, by comparing the expression of genes specific 

to populations of neurons other than V2a in the V2a FAC-sorted populations I was able to 

demonstrate that the populations of FAC-sorted V2a neurons were probably not pure, but likely 

contained some other cell types.    

Conclusions 

This chapter demonstrates we can identify transcription factors correlating with excitatory 

(glutamatergic) neurons of the ventral spinal cord by using the combination of FAC-sorting and 

microarray expression profiling. However, our approach did lead to the identification of many 

likely false-positive results. Furthermore, this work shows that V2a FAC-sorted neurons expressed 

genes specific to other neuron populations suggesting that this population was contaminated when 

sorted.  
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Introduction 

In the CNS, neurons must correctly specify and maintain their neurotransmitter phenotypes 

[1] (for exceptions see [2]). When neurotransmitter phenotypes are not properly specified and/or 

maintained disease such as epilepsy, autism spectrum disorder, schizophrenia and Alzheimer’s can 

result from imbalances in excitation and inhibition [3–7]. Despite this fact, our understanding for 

how neurotransmitter phenotypes are specified and maintained is still not completely resolved. To 

better understand the processes that establish and maintain neurotransmitter phenotypes we must 

first identify the genes that may function in these processes. 

Spinal cord interneurons, the most abundant neuron type in the spinal cord, are excitatory 

and secrete glutamate or are inhibitory and typically secrete GABA and/or glycine (reviewed 

within [8]). To date, we have a partial understanding of how the inhibitory phenotypes are 

established and maintained within the spinal cord [8]. However, (when this thesis work was 

started) the genes and mechanisms that specify/maintain excitatory neurotransmitter phenotypes 

in the spinal cord was largely unknown [9–12].   

At the start of this project, genes that specify and/or maintain the glutamatergic 

neurotransmitter phenotype were known for only three (dI3, dI5 dILA) spinal cord glutamatergic 

populations [11,12]. Specifically, mouse knock-out models had demonstrated that the progenitor 

cells for early born dI3 and dI5 interneurons express Gsh1 and Gsh2 which function to maintain 

Ascl1 (Mash1) [12] and all of these transcription factor genes are required for the glutamatergic 

phenotype of these cells. Furthermore, these transcription factor genes are also required for the 

expression of Tlx1 and Tlx3 which antagonize inhibitory neurotransmitter phenotypes and 

promote the glutamatergic phenotype by potentially sequestering Lbx1 [10–12]. While these 

findings are important, the means by which glutamatergic neurons are specified (at least in the 

spinal cord) is still very much unclear. This is the case because dI1, dI2, V0v, V2a and V3 

interneurons are also excitatory but the transcription factors Gsh1, Gsh2, Ascl1, Tlx1 and Tlx3 are 

not expressed by any of these populations [8,10–13]. In addition, there is no evidence that Tlx1 or 

Tlx3 are expressed in zebrafish spinal cord interneurons [90]. Therefore, additional genes must 

function to specify and/or maintain the glutamatergic neurotransmitter phenotypes in those spinal 

cord neurons. 
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A protocol that couples fluorescent activated cell sorting (FACS) with microarray 

expression profiling was generated and shown, by our lab, to successfully identify transcription 

factors expressed specifically by V1 interneurons [14]. Those proof-of-principle experiments 

demonstrated that the dissociation and FAC-sorting of zebrafish interneurons does not result in 

significant changes to their expression profiles. Furthermore, those proof-of-principle experiments 

successfully demonstrated that novel transcription factors expressed by V1 neurons could be 

identified using those methods [14].  

In this chapter, using a protocol adapted from [14], we identify 36 transcription factors that 

our microarray data suggests may be expressed relatively higher in the ventral excitatory 

populations (V0v and V2a) than the ventral inhibitory (V1, V2b and Kolmer-Agduhr (KA)) 

populations. Using in situ hybridization to verify these microarray expression profiles, we 

discovered that only a subset (4) of these transcription factors were expressed at higher levels in 

the V0v and V2a interneuron than V1, V2b and KA neurons, although others were enriched in 

V0v but not V2a cells. Upon closer examination of the V2a microarray expression profiles, we 

discovered that transcription factors specific to other populations of neurons were identified in the 

V2a profiles suggesting that there may have been contamination of the V2a samples with other 

neuronal cell types, or that the FAC sorted V2a cells expressed genes that they do not normally 

express. In conclusion, we identified a small number of transcription factors that are potentially 

expressed in glutamatergic neurons by using the combination of FAC-sorting and microarray 

expression profiling.  

Methods 

Ethics approval 

All zebrafish experiments in this research were approved either by the UK Home Office or 

by the Syracuse University IACUC committee. 

Zebrafish husbandry and fish lines 

Zebrafish (Danio rerio) were maintained on a 14-hour light / 10-hour dark cycle at 28.5°C. 

Embryos were obtained from natural paired and/or grouped spawnings of wild-type (WT) (AB, 

TL or AB/TL hybrid) zebrafish or identified transgenic zebrafish. The following transgenic 

zebrafish were used: Tg(elav13:EGFP), Tg(evx1:EGFP)SU1, Tg(pax2a:GFP), Tg(Xla.Tubb:DsRed 

(formerly Tg(NBT:DsRed)), Tg(vsx2:LOXP-DsRed-LOXP-GFP) TgBAC(vsx1:GFP)  and 
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Tg(gata1:GFP), all of which have been previously described [15–21]. Embryos were reared at 

28.5°C and staged by hours post fertilization (h).  

Microarray design 

To generate a custom-designed Agilent microarray, Dr. Armant and Dr. Legradi first 

performed comprehensive bioinformatic searches for proteins that contain at least one of the 483 

InterPro domains identified in [22] as being specific to transcriptional regulators.  These domains 

comprise three functional classes: DNA binding, chromatin remodeling and general transcription 

machinery. In total, 3192 potential transcription factors were identified. Dr. Armant, Dr. Legradi, 

Dr. Strähle and Dr. Lewis then designed custom Agilent microarrays that contain probes for all of 

the genes that encode for these transcription factors.  

These custom arrays contained 33784 probes corresponding to eight distinct 60-mer probes 

for each of the transcripts associated with the 2644 potential transcription factors identified in Zv8 

(Ensembl release 54) of the zebrafish genome, and a further 548 non-overlapping potential 

transcription factors identified in the zebrafish Unigen dataset (release 117) (Fig. 1). The arrays 

also included 170 housekeeping genes (five copies of eight probes each), 23 positive controls, such 

as neurotransmitter markers (two copies of eight probes each) and 49 negative controls 

(Arabidopsis sequences; multiple copies of eight probes each) on the arrays.  Four biological 

replicates were performed per sample type.   

 

Expression profiling 

To identify transcription factors expressed by ventral spinal cord interneurons, Dr. England 

and Dr. de Jager used different combinations of spinal cord cells that were extracted from live 

transgenic zebrafish embryos at 27h using fluorescence activated cell-sorting (FACS). Prior to 

FACS, embryos were prim-staged, deyolked, dissected and dissociated as in [14,23]. In all cases, 

the heads and tails were removed to ensure that only trunk or spinal cord cells were collected. Pure 

populations of cells were obtained using combinations of the following transgenic lines: 

Tg(elav13:EGFP), Tg(evx1:EGFP)SU1, Tg(pax2a:GFP), Tg(Xla.Tubb:DsRed (formerly 

Tg(NBT:DsRed)), Tg(vsx2:LOXP-DsRed-LOXP-GFP) and Tg(gata1:GFP) [15–20]. V0v neurons 

are EGFP-positive cells from Tg(evx1:EGFP)SU1 trunks. V1 neurons are double-positive EGFP-

positive, DsRed-positive cells from Tg(pax2a:GFP);Tg(Xla.Tubb:DsRed) trunks. V2a neurons are 

double-positive DsRed-positive, EGFP-positive cells from Tg(vsx2:LOXP-DsRed-LOXP-
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GFP);Tg(elavl3:EGFP) trunks. V2b + KA neurons are double-positive EGFP-positive, DsRed-

positive cells from Tg(gata1:GFP);Tg(Xla.Tubb:DsRed) trunks. Total RNA was extracted using 

an RNeasy Micro Kit (Qiagen, 74004). RNA quality and quantity was assayed on an Agilent 2100 

Bioanalyser (RNA 6000 Pico Kit, Agilent, 5067-1513), before converting to fluorescently-labelled 

cDNA (Ovation Pico WTA System V2, Pico, 3302) and hybridizing to a custom-designed Agilent 

microarray. Four replicates for each FAC-sort was conducted. Data pre-processing and 

normalization was performed by Dr. England using Bioconductor software 

(https://www.bioconductor.org/). Two-class eBayes analyses were performed using GEPAS 

software [24]. All reported statistics were corrected for multiple testing [25]. 

Identification of differentially expressed transcription factors 

To identify genes that are expressed relatively higher in excitatory (V0v & V2a) 

populations than inhibitory (V1, V2b and KA) populations, Ms. Rodriguez, an undergraduate 

researcher in the lab, and I manually identified probes (there are eight probes per gene transcript) 

with with positive expression values (red or pink) in at least two of the four microarray experiments 

for both V0v FAC-sorted cells and V2a FAC-sorted cells (Fig. 2; Table 2). Additionally, these 

normalized probes had to have relatively negative expression values (blue) ‘sin at least two of the 

four microarray experiments for both the V1 FACS cells and V2b + KA FACS cells (Fig. 2; Table 

2). To perform these analyses, expression levels were subjected to a Z-transformation 

normalization and presented as Z scores where mean = 0 and standard deviation = +1 (red) to -1 

(blue) in a “heat map” form. We started at the top of the heat map (highest mixing proportion with 

a positive mean difference) and manually checked each subsequent probe until 600 probes meeting 

these criteria were identified. For the genes identified we next identified all the remaining probes 

for those genes regardless of where they were in the heat map list. Lastly, we considered a gene to 

be a “candidate” if at least 50% of all the probes for that particular gene met the aforementioned 

criterion and if that gene, when translated, functions as a transcription factor or is a nuclear protein 

that may potentially regulate transcription.  

in situ hybridization  

Embryos were fixed in 4% paraformaldehyde and in situ hybridizations were performed 

by undergraduate researchers Mr. Campbell, Ms. Foye-Edwards, Ms. Machikas, Ms. Rodriguez or 

myself as previously described [15,23,26]. In most cases the undergraduate researchers were 

working under the mentorship of Dr. England. The exception is Ms. Foye-Edwards whom I 
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mentored. Also, in situ hybridization plus immunohistochemistry experiments were performed as 

described in [15] by me. RNA probe templates included: evx1 [27], vsx1 [28], ebf3 [29]. DNA 

templates for the remaining probes (Table 1) were generated by PCR-amplifying cDNA using a 

reverse primer containing a T3 promoter sequence at the 5’ end (Table 1). Total RNA was 

extracted by homogenizing 50-100mg of 27 h wild-type zebrafish embryos in 1mL of TRIzol 

reagent (Ambion, 15596-026). cDNA was synthesized using Bio-Rad iScript Reverse 

Transcription Supermix kit (Bio-Rad, 170-8891). A 50µL PCR reaction was assembled containing 

5µL cDNA and one unit of Phusion High-Fidelity DNA Polymerase (NEB, M0530L). PCR 

conditions were: 94 °C for three minutes followed by 35 cycles of 94 °C for 30 seconds, 56.5 °C 

for 30 seconds, 72 °C for 1.5 minutes and then a final extension step of 72 °C for 10 minutes. For 

some probes these conditions were insufficient to yield a specific product so an alternative protocol 

was used: 94 °C for 15 minutes followed by 10 cycles of 94 °C for 20 seconds, (6oC higher than 

the lowest primer tm) for 60 seconds and temperature decrease -0.6oC each cycle followed, for 35 

cycles of 94.0oC for 20 seconds, tm of the lowest tm primer for 60seconds, 72.0oC for one minute, 

45 seconds. PCR products were purified by phenol:chloroform extraction. Additionally, probes 

which did not produce any specific staining (no discrete expression in any tissue before embryo 

became overstained and dark all over) were redesigned and tested at least one more time. Despite 

attempts, we were unable to generate useful probes for ebf1a, raraa, rarab and rereb. However, 

with the exception of rereb, the remaining three genes were assessed by viewing images from 

publicly available databases (ZFIN.org and http://cassandre.ka.fzk.de/ffdb/index.php; appendix I)    

In situ hybridization experiments were performed for each gene on 24 h, 27 h, 36 h and 48 

h old zebrafish embryos. This was done to determine if the expression of any of these genes were 

expanded or restricted in the spinal cord during development. Also, on occasion, in situ 

hybridization experiments were performed on 24 h mindbomb mutant embryos. As several spinal 

neuron types are expanded in mindbomb mutants, these experiments allowed us to determine if 

any weakly expressed genes were detectable in spinal cords with expanded neuron types.    

Imaging 

Embryos were mounted in 70% glycerol, 30% PBS and DIC pictures were taken using an 

AxioCam MRc5 camera mounted on a Zeiss Axio Imager M1 compound microscope by Mr. 

Campbell, Ms. Foye-Edwards, Ms. Machikas, Ms. Rodriguez or me. in situ hybridization and 

immunohistochemistry experiments were imaged on a Zeiss LSM 710 confocal microscope by 
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me. Images were processed using Adobe Photoshop software (Adobe, Inc) and Image J software 

(Abramoff et al., 2004). In some cases, different focal planes were merged to show labeled cells 

at different medial lateral positions of the spinal cord.  

Results 

36 genes have microarray expression profiles that correlate with the glutamatergic 

neurotransmitter phenotype 

To identify transcription factors that correlate with the glutamatergic neurotransmitter 

phenotype, Ms. Rodriguez and I manually identified probes with a microarray expression profile 

with relatively higher expression in glutamatergic (V0v and V2a) interneurons [15,16,30–33] than 

inhibitory (V1, V2b or KA) neurons [21,26,34–41] (see methods). In this way, we identified 36 

genes from the top 135 differentially expressed genes that were expressed relatively higher in 

glutamatergic populations than inhibitory populations (Fig. 2; Table 2; Appendix I) and that also 

encoded nuclear proteins that function as transcription factors or have the predicted ability to 

interact with DNA and potentially regulate transcription (see methods).  

in situ hybridization expression does not match microarray expression profiles for 23 genes 

To confirm the microarray expression profiles for these identified candidate genes we used 

in situ hybridization. Specifically, we compared the in situ hybridization expression of the 36 

candidate genes to evx1 and vsx1, which specifically label V0v and V2a populations, respectively, 

to determine if these candidate genes are expressed at a greater level in the V0v and V2a ventral 

populations (Fig. 3; Appendix I) [15,32,33,38,42–45]. 23 of the 36 genes have an in situ 

hybridization expression pattern that does not match their microarray expression profile. Of the 23 

genes that have different in situ hybridization expression patterns, 11 genes (kiaa, nfyba, onecut3, 

pbx3a, rai1, raraa, rarab, rarga, srebf2, zbtb10 and zgc:194800) are expressed by many more 

spinal cord cells than what was predicted from their microarray expression profiles (Fig. 4; Table 

1; Appendix I). Conversely, 12 genes (atxn1a, atxn1b, cica, crem, hif1aa, im:7156494, klhl29, 

phactr3b, samd8, skilb, znf513 and znf804a) were not detected in the spinal cord via in situ 

hybridization (Fig. 5; Table 1; Appendix I). Together, these 23 genes were not expressed in at least 

V0v and V2a neurons as we predicted from their microarray expression profiles (Fig. 2; Table 2).   

Additionally, LOC00004939 is expressed at very high levels in the somites which masks 

any potential spinal cord expression. Therefore, we cannot determine if this gene is expressed by 

V0v and/or V2a interneurons. Also, we never generated an in situ probe for rereb, because no PCR 
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product was generated, in spite of trying two different in situ hybridization probes, which targeted 

different positions within the gene, nor is there any published expression data describing this 

gene’s expression in the spinal cord. Therefore, we could not determine if this gene is expressed 

by V0v and/or V2a interneurons.     

Four genes potentially expressed in the predicted glutamatergic populations 

We did identify four genes (arid5b, ebf1a, ebf3 and sox12) that appear to be expressed by 

V0v and V2a populations in the ventral spinal cord (Fig. 6; Table 1; Appendix I). Although these 

conclusions are based on comparing single in situ hybridization patterns as we have not performed 

double labeling experiments for these candidate genes. Interestingly though, arid5b only appears 

to be expressed by both V0v and V2a interneurons at early (24h and 27h) time points. At later 

developmental time points (30 h & 36 h) it is no longer detected in the spinal cord. sox12 is also 

detected in at least V0v and V2a location at 24 h and 27 h but unlike arid5b, sox12 expression 

becomes restricted to presumably just the V0v domain at later time points.   

An additional seven genes (lmx1bb, prdm6, skor1a, skor1b, tshz2, uncx and zgc:65851) are 

expressed by presumably V0v or V0v and more dorsal interneurons but their expression does not 

extend ventral enough to suggest that they are expressed by V2a interneurons (Fig. 6; Appendix 

I). In the case of lmx1bb, I confirmed that V2a neurons do not express lmx1bb with an in situ 

hybridization for lmx1bb coupled with immunohistochemistry for GFP in TgBAC(vsx1:GFP) 

embryos, which specifically label V2a neurons with GFP [21]. As predicted, we did not observe 

any co-labeling between lmx1bb and GFP suggesting that this gene is not expressed by V2a 

neurons (Fig. 7). Since the other seven genes are expressed no more ventral than lmx1bb, we 

predict that they too are likely not expressed in V2a interneurons. However, double labeling 

experiments would need to be conducted to confirm this prediction. Moreover, while the 

endogenous expression of these genes does not completely agree with their microarray expression 

profiles, the expression of these genes is potentially in-line with the intent of the study which was 

to identify genes that are expressed specifically in glutamatergic neurons. 

Contamination in the V2a expression profiles 

As described above (Fig. 6; Table 1; Appendix I), lmx1bb, prdm6, skor1a, skor1b, tshz2, 

uncx and zgc:65851 appear to be expressed by at least V0v but not V2a cells by 27 h in the ventral 

spinal cord. For that reason, we explored the possibility that V2a FAC-sorted cells were not a pure 

population and potentially contained cells expressing genes specific to other neuron populations. 
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To address this, we directly compared the V2a and V2b + KA expression profiles and examined 

genes known to be expressed by neurons other than V2a, V2b and KA neurons (Fig. 8; Table 3). 

If our hypothesis that the V2a FAC-sorted cell populations were contaminated was correct then, 

we expected to observe genes specific to other neuron populations differentially expressed at a 

higher level in V2a neurons than V2b + KA neurons.   

As lmx1bb, tshz2, prdm6, skor1a, skor1b, tshz2, uncx and zgc:65851 appear to be expressed 

by V0v but not V2a neurons in the ventral spinal cord, we examined the V2a microarray expression 

profile for V0v specific genes to determine if they were inaccurately differentially expressed. The 

first gene we examined was evx1 as it is expressed exclusively by V0v neurons in the spinal cord 

[15]. In support of our hypothesis, we see that evx1 is expressed relatively higher in V2a neurons 

when compared to V2b + KA neurons with an average posterior probability of 0.84 (Fig. 8; Table 

3). Similarly, evx2, another V0v specific gene [15], is expressed relatively higher in V2a neurons 

when compared to V2b + KA neurons (Fig. 8; Table 3). However, the averaged posterior 

probability for evx2 was lower (0.58) than evx1. Similarly, skor2 another V0v specific marker 

([15] and chapter 4), was also differentially expressed at a higher level in V2a neurons when 

compared to V2b + KA neurons with a posterior probability of 0.62 (Fig. 8; Table 3).  

The V1 neuron population resides just dorsal to the V2a population and is in closer 

proximity to V2a neurons than V0v neurons (Reviewed in [46]). Since we detected contamination 

of genes specific to the more dorsal V0v population, we next examined whether any V1 specific 

markers were also expressed relatively higher in V2a neurons when compared to V2b + KA 

neurons. The first gene that we examined was eng1b, the zebrafish orthologue to En1, which is 

expressed specifically in V1 neurons [35,47]. Similar to the V0v specific gene results, eng1b is 

expressed relatively higher in V2a neurons when compared to V2b + KA neurons with an average 

posterior probability of 0.84 (Fig. 8; Table 3). Another gene that is specific to V1 neurons is otpb 

(Cerda, unpublished). Like eng1b, otpb was also expressed relatively higher in V2a neurons when 

compared to V2b + KA neurons with an average posterior probability of 0.98 (Fig. 8; Table 3). 

The results are the same for hmx3a (average posterior probability of 0.82), a gene specific to dI2 

and V1 neurons (Cerda & England, unpublished; also see appendix III) (Fig. 8; Table 3). 

Additionally, we assessed pax2a, a gene expressed by V1 and more dorsal inhibitory cells [48–

50]. Consistent with the previous results, pax2a was expressed relatively higher in V2a neurons 
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when compared to V2b + KA neurons with an average posterior probability of 0.86 (Fig. 8; Table 

3). Lastly, pax8 a closely related family member to pax2a, which functions redundantly to specify 

the inhibitory neurotransmitter fates for multiple interneuron populations [37] and is also 

expressed by V1 neurons (but not by any cells ventral to the V1 domain), is also expressed 

relatively higher ( average posterior probability of 0.99) in V2a neurons than V2b + KA neurons 

(Fig. 8; Table 3).  

Additionally, we examined motor neuron markers as these cells are also in close proximity 

to V2a neurons (Reviewed in  [46]). The first gene we examined was mnx2b which is specific to 

motor neurons [51–54]. Unlike our previous results, we did not see differential expression of this 

gene when comparing V2a and V2b + KA expression profiles (Fig. 8; Table 3). Interestingly, isl1, 

a gene specific to both motor neurons and Rohon Beard (RB) cells in zebrafish, was differentially 

expressed with a posterior probability of 0.63 [55–60] (Fig. 8; Table 3). Since mnx2b a gene 

specific to motor neurons was not differentially expressed but isl1 a gene expressed by both motor 

neurons and RB cells was, we examined a RB specific gene to determine if RB specific genes are 

also contaminating the V2a expression profile. Specifically, we examined runx1 but contrary to 

our hypothesis it was not differentially expressed [61,62] (Fig. 8; Table 3). In conclusion, all these 

results demonstrate that genes specific to V0v and V1 cells as well as other non-V2a genes are 

detected at a relatively high level in the expression profile of the V2a FAC-sorted cells suggesting 

that either the sorted cells were contaminated with other cell types or V2a cells turned on other 

non-V2a genes during the dissection and/or sorting processes. 

FAC-sorted cells did not upregulate apoptotic genes 

 Lastly, we examined the expression of known apoptosis markers in the expression 

profiles of Va and V2b + KA populations to rule out the possibility that one of the sorted cell 

types were dying and causing the miss-expression of genes (Table 4). We examine fos, max, 

myca, cyvb and tp53 and found that none were differentially express between the two groups nor 

were these genes expressed at relatively high levels. Together, these results suggest that neither 

the FAC-sorted V2a nor V2b + KA cells were going through apoptosis.   

Discussion 

In this chapter, we identified four transcription factors (arid5b, ebf1a, ebf3 and sox12) that 

based on in situ hybridization assays are probably differentially expressed at a higher level in V0v 
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and V2a neurons than V1, V2b and KA neurons in the ventral spinal cord (Fig. 6; Table 2). 

Therefore, these transcription factors are likely expressed in glutamatergic neurons. In addition, 

we identified seven transcription factors (lmx1bb, prdm6, skor1a, skor1b, tshz2, uncx and 

zgc:65851) that in in situ hybridization experiments suggest are expressed presumably by at least 

V0v interneurons but not V2a neurons which is contradictory to their microarray expression 

profiles. While these seven transcription factors do not appear to be expressed by V2a neurons, 

they do seem to be expressed by at least V0v neurons. Therefore, these 11 transcription factors 

may be expressed primarily by glutamatergic neurons but further experiments would be needed to 

test this. In addition, functional experiments are needed to determine if any of these transcription 

factors function in the specification and/or maintenance of the glutamatergic neurotransmitter 

phenotype in the spinal cord like lmx1bb in Chapters 3, skor1a and skor1b in Chpater 4 and tshz2 

in appendix II. It should be noted that arid5b, ebf1a, ebf3 and sox12 have not yet been assessed 

either because they are weakly expressed which makes co-localization experiments difficult or no 

no available mutants or morpholinos.  

Interestingly, some of the candidates identified in this chapter were also identified in a 

study conducted by Borromeo and colleagues whom used ChiP-Seq and RNA-Seq to also identify 

genes potentially involved in neurotransmitter fate specification and/or maintenance [63]. 

Specifically, that study identified direct targets of Ptf1a and Ascl1, in the mouse neural tube.  Ptf1a 

and Ascl1 are key transcription factors required for the specification of excitatory and inhibitory 

neurotransmitter phenotypes, respectively, in the spinal cord. [12,63,64]. Excitingly, Ebf3, Lmx1b 

and Uncx are genes activated by Ascl1, the excitatory neurotransmitter phenotype promoting 

factor, and repressed by Ptf1a, the inhibitory neurotransmitter phenotype promoting factor, in the 

mouse neural tube [12,63,64]. These data combined with our microarray expression profiling data 

provides evidence supporting the idea that ebf3, lmx1bb and uncx may function in the specification 

and/or maintenance of glutamatergic neurotransmitter phenotypes in the zebrafish spinal cord.  

Additionally, Skor1, which potentially is expressed by at least V0v (glutamatergic) neurons 

(Fig. 6), was identified in the Borromeo et al., 2014 study. However, Skor1 was activated by both 

Ascl1 and Ptf1a but to a greater level by Ascl1. Interestingly, Lhx1, Lhx5 and Pax2, genes 

necessary for the specification and maintenance of inhibitory neurotransmitter phenotypes, are also 

activated by both Ascl1 and Ptf1a though they are activated by Ptf1a to a much greater level 
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[11,37,49,63,64]. These mouse data suggested that key inhibitory neurotransmitter regulator genes 

and a potential glutamatergic neurotransmitter regulator gene are dependent on both Ascl1 and 

Ptf1a. Moreover, these data provide support for skor1a and skor1b being potentially involved in 

the specification and/or maintenance of glutamatergic neurotransmitter phenotypes. (These genes 

are examined in more detail in Chapter 4). 

Additionally, some of the candidate genes identified in this study have already been shown 

to function in the specification and/or maintenance of neurotransmitter phenotypes. Perhaps the 

best studied is Lmx1b. In the raphe nucleus Lmx1b is required for both the induction of 5-HT 

neurons and the maintenance of the 5-HT neurotransmitter phenotype [65–67]. In the trigeminal 

brainstem complex Lmx1b knock-out mice generate glutamatergic neurons but cannot maintain 

this neurotransmitter phenotype [66]. Instead, these Lmx1b mutants have an increase of 

GABAergic neurons, in this brain region, roughly equivalent in number to the loss of glutamatergic 

neurons. Additionally, Lmx1b is sufficient to inhibit GABAergic phenotypes as ectopic expression 

of Lmx1b results in a reduction of Gad1 and Pax2 expression in the superior colliculus [66]. 

Together these results demonstrate that, at least in the mouse brain, Lmx1b is necessary for the 

maintenance of neurotransmitter phenotypes and is sufficient to prevent inhibitory 

neurotransmitter phenotypes when ectopically expressed. For these reasons, we investigated the 

role Lmx1b plays in neurotransmitter specification and maintenance within the zebrafish spinal 

cord (chapter 3).  

Interestingly, in the dorsal spinal cord of mice, the transcription factor Ebf1 requires Lmx1b 

to specify its expression while Ebf3 requires Lmx1b to maintain its expression [68]. While these 

genes have not been shown to directly regulate neurotransmitter specification/maintenance, they 

are necessary and sufficient for aspects of neuronal differentiation in the chick spinal cord [69]. 

Specifically, these genes are required for the expression of some post-mitotic specific genes as 

well as the proper migration of post-mitotic neurons [69]. Since Ebf1 and Ebf3 are key to 

establishing some post-mitotic characteristics and require Lmx1b for their expression, it is worth 

investigating the hypothesis that these genes may function in neurotransmitter phenotype 

acquisition and/or maintenance.  

Another gene identified in this chapter and the Borromeo et al., study with the potential to 

be involved in neurotransmitter phenotype specification and maintenance is uncx. The C. elegans 
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gene unc-4 is the ortholog of the mouse and zebrafish Uncx genes [70]. Excitingly, when unc-4 is 

knocked-out, VA motor neurons, which express unc-4, no longer produce several synaptic vesicle 

proteins (UNC-17 “choline acetyltransferase”, synaptotagmin, synaptobrevin and RAB-3) [71]. 

Still, these neurons express other non-synaptic proteins at WT levels and maintain WT axon 

trajectories but they have far fewer synaptic vesicles than WT VA neurons [71]. Also, in mouse, 

Uncx is expressed by at least V3 (glutamatergic) neurons in the ventral spinal cord [72]. Together 

these results suggest that uncx is another strong candidate for potentially specifying and/or 

maintaining spinal cord glutamatergic phenotypes. 

While it is exciting and reassuring that several of the candidate genes identified in this 

chapter have been implicated in neurotransmitter phenotype acquisition and/or maintenance, 

perhaps the more interesting genes are those that have not yet been associated with these functions. 

Specifically, arid5b, prdm6, sox12, tshz2, and zgc:65851 have not yet been shown to function in 

neurotransmitter phenotype specification and/or maintenance making them exciting candidates. 

Moreover, zgc:65851 has not been studied in any system making it a very exciting candidate while 

the other genes have been studied to some capacity in other tissues. Compared to the other 

aforementioned candidates, arid5b is a lower priority for future study as its expression is transient 

suggesting it may only function in a subset of interneurons as interneurons are continually born 

throughout neurogenesis in zebrafish [30,81,82]. On the other hand, the remaining genes are strong 

candidates for future functional analysis (gene knock-out/down experiments). In fact, I examined 

the functions of skor1a, skor1b and tshz2 (chapter 4 and appendix 1).      

Also, in this chapter we show that it is likely that our FAC-sorted V2a neuron population 

were either contaminated by neurons from other populations and/or that the V2a cells changed 

their expression profiles during the dissection / FAC-sorting procedures. By analyzing V0v, V1, 

RB and motor neuron specific genes in the V2a microarray expression profile, we have 

demonstrated that several non-V2a genes are mis-expressed at relatively high levels in the V2a 

microarray data (Fig. 8; Table 3). Also, several candidate genes identified in the V2a expression 

profile do not appear to be expressed endogenously by V2a neurons. Explicitly, we do not detect 

lmx1bb in V2a neurons (Fig. 7). Since tshz2, prdm6, skor1a, skor1b, sox12, tshz2, uncx and 

zgc:65851 are not expressed any more ventral than lmx1bb, it is reasonable to assume that these 

genes are not expressed by V2a neurons either. For these reasons, it is plausible that the V2a FAC-
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sorted populations included neurons of other spinal populations and/or that at least a subset of V2a 

neurons mis-expressed genes specific to other cell populations. 

As only post-mitotic neurons were FAC-sorted (see methods), it is possible that the 

Tg(vsx2:LOXP-DsRed-LOXP-GFP) transgene is expressed (at least transiently) in post-mitotic 

neurons other than V2a neurons (specifically V0v and V1 neurons) as this would explain our 

results. In support of this idea, the combination of two experiments using the TgBAC(vsx1:GFP) 

line, which was generated in the same manner as the Tg(vsx2:LOXP-DsRed-LOXP-GFP) line we 

FAC-sorted, suggest that the transgene (GFP) is expressed in post-mitotic population other than 

V2a neurons [16,21]. The first experiment showed that most GFP-expressing cells at 17 h are not 

progenitor neurons [21]. The second experiment, at 17 h, showed that many GFP-expressing cells 

are not co-expressed with vsx1, a V2a specific gene [21]. While these results do not directly show 

that post-mitotic, non-V2a neurons express GFP, these results do strongly suggest that there are 

some because so few progenitor cells expressed GFP compared to the number of non-V2a neurons 

at 17 h. Therefore, these results support the idea that some GFP-expressing cells are non-V2a post-

mitotic neurons. Since our FAC-sorting experiments were conducted at 27 h we cannot definitively 

say that there are non-V2a populations expressing GFP then but unless there are drastic changes 

in this transgenic line’s expression pattern then it is reasonable to assume that there may be some 

non-V2a neurons expressing the transgene in the Tg(vsx2:LOXP-DsRed-LOXP-GFP) line at 27 h.  

Furthermore, it is realistic to assume that the Tg(vsx2:LOXP-DsRed-LOXP-GFP) transgene has 

the same expression pattern as the TgBAC(vsx1:GFP) line. Work done by a previous graduate 

student, Liva Andrzejczuk, demonstrates that the Tg(vsx2:LOXP-DsRed-LOXP-GFP) expression 

pattern is similar to the TgBAC(vsx1:GFP) expression pattern at 27 h, 30 h and 36 h (Andrzejczuk, 

unpublished). In conclusion, while we do not have direct evidence demonstrating that the 

vsx2:LOXP-DsRed-LOXP-GFP transgene is expressed by populations other than V2a neurons, 

evidence gathered using a similar line does support the idea that non-V2a post-mitotic neurons 

express GFP at least at 17 h.    

On the other hand, the contaminated V2a FAC-sorted cells may in fact be V2a neurons but 

they may have become “confused” and mis-express transcription factors specific to other cell 

populations. However, this would be inconsistent with previous FAC-sorting experiments 

conducted in the Lewis Laboratory [14]. From preliminary searches in other FAC-sorting 
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experiments, no other FAC-sorted populations seem to mis-express transcription factors from 

other neuron populations though, these experiments have not been thoroughly examined for false-

positives [14]. Therefore, if the V2a FAC-sorted neurons have become “confused” and mis-

express transcription factors then there must be something unique about the FAC-sorted V2a 

population. At this moment, it is not clear why the V2a FAC-sorted neurons may have behaved 

differently than all the other neurons we have FAC-sorted to this point. One possible explanation 

could be the bulk of the V2a FAC-sorted neurons were developmentally at a different age 

compared to neurons in the other sorted populations. This could have resulted from differential 

fluorophore dynamics in the sorted populations. In other words, the fluorophore used to sort other 

cells may turn on later so that only developmentally older neurons were sorted at 27 h. However, 

the fluorophore used to sort V2a cells may come on quicker meaning earlier born neurons could 

have potentially been sorted disproportionately comparted to the other sorted neuron types. 

Perhaps developmentally younger neurons are not as set in their differentiation state potentially 

explaining the potential mis-expression hypothesis. Regardless of the reason, the data presented in 

this chapter strongly suggests that FAC-sorted V2a neurons mis-express some transcription 

factors. Specifically, we detect isl1 at a high levels in V2a FAC-sorted neurons, which is specific 

to both motor neurons and RB cells yet, other motor neuron and RB specific genes were not 

identified [61,62] (Fig. 8; Table 3). These results demonstrate that complete expression profiles 

for other neurons (at least motor neurons and RB) were not detected suggesting these neurons were 

not mis-sorted into our V2a samples and that the FAC-sorted V2a cells mis-expressed some genes.   

Interestingly, the amount of V2a contamination was variable among the FAC-sorting 

experiments. Specifically, lmx1bb and uncx genes are expressed relatively higher in V2a cells for 

the first three sorts (first three columns of heat map) than the last sort (last column of heat map) 

which is expressed at levels similar to the V2b + KA expression profile (Fig. 2). Additionally, the 

mis-expression of evx2, otpb, hmx3a, pax2a and pax8 in the V2a FAC-sorted neurons was higher 

in the first two experiments than the last two experiments (Fig. 8). What these results suggest is 

the cause of the V2a “contamination” can be influenced by experimental conditions. For example, 

the variability among FAC-sorting experiments could have resulted from some of the V2a FAC-

sorted cells being sorted quicker not leaving as much time for cells to become “confused” and mis-

express genes specific to other cell populations. Alternatively, the V2a cells could have been sorted 

at a slightly different developmental time points and because of different fluorescent protein 
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dynamics in other neuron populations, there may have been fewer non-V2a cells sorted. Regardless 

of the reason, the fact remains that FAC-sorted V2a cells expressed genes specific to other neuron 

populations, especially in the first two experiments. 

By and large, most of the candidate genes identified in this chapter do not have an in situ 

hybridization expression pattern that matches their microarray expression profile. Specifically, 11 

genes (kiaa, nfyba, onecut3, pbx3a, rai1, raraa, rarab, rarga, srebf2, zbtb10 and zgc:194800) are 

expressed by many neurons in the spinal cord while another 12 genes (atxn1a, atxn1b, cica, crem, 

hif1aa, im:7156494, klhl29, phactr3b, samd8, skilb, znf513 and znf804a) are not detected in the 

spinal cord via in situ hybridization. There are two likely explanations for why the in situ 

hybridization patterns of these genes do not match their microarray expression profile. One, some 

of these genes may in fact be expressed as predicted by their microarray expression profile but due 

to in situ hybridization experimental limitations they were not characterized as such. Two, some 

of these genes may be false-positives resulting from using a microarray candidate gene cutoff that 

was too lenient or genes becoming genes becoming misexpressed or contamination in our sorts. 

There are many experimental reasons why in situ hybridization expression patterns may 

not match the microarray expression profiles for the identified candidates. For example, some of 

these candidates may just be expressed at very low levels which we do not detect using in situ 

hybridization but could detect using microarray technology. This could explain why we do not 

detect spinal cord expression for 12 of our candidates. Furthermore, some of the in situ 

hybridization probes we used may not have worked or worked well enough to detect expression 

patterns suggested by the microarray expression profiles. Explicitly, if a probe did not work/work 

well, we may not have detected any expression in the spinal cord (i.e. atxn1a, atxn1b, cica, crem, 

hif1aa, im:7156494, klhl29, phactr3b, samd8, skilb, znf513 and znf804a) or we may have detected 

non-specific “background” staining in the spinal cord which could have masked any real or 

differential expression (i.e. kiaa, nfyba, onecut3, pbx3a, rai1, raraa, rarab, rarga, srebf2, zbtb10 

and zgc:194800). Moreover, the microarray expression profiles only showed differential 

expression of genes between populations, it did not describe whether a gene was or was not 

expressed by a population. Therefore, the candidates that are expressed in multiple populations 

could be correct but we failed to detect the differential expression with in situ hybridization.  
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Interestingly, work in both humans and Drosophila shows that tissue specific proteins have 

a propensity to interact with ubiquitously expressed “house-keeping” proteins [83–85]. 

Furthermore, in Drosophila, tissue specific transcriptional regulators showed a tendency to interact 

with ubiquitously expressed proteins [85]. Since transcription factors often function in complexes 

and the proteins within these complex can determine the regulatory outcomes, it seems probably 

that ubiquitously expressed genes function with tissue specific transcription factors to regulate 

transcriptional outcomes [86–88]. Moreover, these studies in fly and humans have raised an 

intriguing possibility that ubiquitously expressed genes may potentially function in 

neurotransmitter phenotype specification and/or maintenance. Therefore, while the expression 

patterns of kiaa, nfyba, onecut3, pbx3a, rai1, raraa, rarab, rarga, srebf2, zbtb10 and zgc:194800 

are not as their microarray expression profiles predicted, this does not rule out the possibility that 

they function in the specification and/or maintenance of glutamatergic neurotransmitter 

phenotypes. However, beyond this intriguing indirect evidence from fly and humans, there is no 

other reason to suspect these genes may have a role in neurotransmitter specification and/or 

maintenance and therefore they are a low priority for future functional analysis.     

As mentioned above, we may have needed to use a stricter cut-off for identifying genes as 

most of the identified candidates are potentially false-positives. Specifically, probe sets for 

individual genes were never collapsed into one single value. This meant that we had to identify all 

the probes for a particular gene, irrespective of its statistical value, to determine whether it was 

likely expressed higher in V0v and V2a neurons than V1 (see methods). By doing that we may 

have biased our data which lead to the abundance of false-positive candidate genes. Supporting 

this idea, when I average the posterior probability of the probe sets for the genes identified, nine 

of the 36 candidate genes have an average posterior probability below 0.95. Not surprisingly, all 

nine genes with posterior probabilities below 0.95 have in situ hybridization expression patterns 

that do not match their microarray expression profile. Conversely, arid5b, ebf1a, ebf3 and sox12 

all have an average posterior probabilities above 0.95 and their in situ hybridization expression 

patterns seem to match their microarray expression profiles. In total, these results suggest that we 

may have needed to use a stricter microarray cutoff which would have eliminated at least nine 

likely false-positives.   
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Conclusion 

We sought to identify transcription factors differentially expressed in glutamatergic 

interneurons of the ventral spinal cord. In total we identified 11 transcription factors that correlate 

with glutamatergic neuron(s) of the ventral spinal cord. Several of these identified candidates have 

previously been implicated in neurotransmitter fate acquisition and/or maintenance supporting the 

idea that these genes may function in that capacity in the spinal cord. However, further functional 

analysis will be need to demonstrate that these genes actually do function to specify and/or 

maintain neurotransmitter phenotypes. Specifically, we address the roles lmx1bb, skor1a, skor1b 

and tshz2 may have in neurotransmitter fate specification and/or maintenance in later chapters 

(chapters 3, 4 and appendix II).    
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Figures and Legends 

Fig. 1: Probe design for custom microarray chip 

Schematic depicting the number of probes designed for each gene transcript for our custom Agilent 

microarray chip (Agilent #027382). The chip has 33784 probes, eight distinct 60-mer probes, 

corresponding to 3362 potential transcription factor gene transcripts. 
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Fig. 2: Genes expressed relatively higher in glutamatergic interneuron than inhibitory 

interneurons 

Listed in alphabetical order are the heat maps corresponding to genes that the microarray data 

suggested are expressed at relatively higher levels in glutamatergic (V0v & V2a) neurons than in 

inhibitory (V1, V2b & KA) neurons. Columns represent individual microarray experiments. Rows 

indicated relative expression levels that were subjected to a Z-transformation normalization and 

are presented as Z scores where mean = 0 and standard deviation = +1 (highly-expressed, red) to 

-1 (weakly/not expressed, blue). A two-class eBays comparison of glutamatergic and inhibitory 

populations was used for statistical analysis. Probes for each gene are ranked by their mixing 

proportion which measures their posterior probability (see Table 2). 
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Fig. 3: evx1 and vx1 label neurons in the middle of the spinal cord’s dorsal-ventral axis 

Lateral view of zebrafish spinal cord: 27 h (a and b). Anterior left, dorsal top. in situ hybridization 

evx1 (a) and vsx1 (b) which correspond to V0v and V2a neurons respectively. Black dashed line 

labels the ventral limit of the spinal cord. Scale bar = 50µm.  
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Fig. 4: genes expressed in multiple spinal cord neurons 

Lateral views of zebrafish trunk at 27 h (a-i). Anterior left, dorsal top. in situ hybridization of kiaa 

(a), nfyba (b), onecut3 (c), pbx3a (d), rai1 (e), rarga (f), srebf2 (g), zbtb10 (h) and zgc:194800 (i). 

Scale bar = 50µm (a-i). 
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Fig. 5: genes not detected in the spinal cord 

Lateral view of zebrafish trunk at 27 h (a-m). Anterior left, dorsal top. in situ hybridization of 

atxn1a (a), atxn1b (b), cica (c), crem (d), hif1aa (e), im:7456494 (f), klhl29 (g), LOC00004939 

(h), phactr3b (i), samd8 (j), skilb (k), znf513 (l) and znf804a (m). Scale bar = 75µm (a-h and j-m) 

and 50µm (i).  
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Fig. 6: genes presumably expressed in glutamatergic spinal neurons 

Lateral view of zebrafish trunk 27 h (a-j). Anterior left, dorsal top. in situ hybridization of arid5b 

(a), ebf3 (b), lmx1bb (c), prdm6 (d), skor1a (e), skor1b (f), sox12 (g), tshz2 (h), uncx (i) and 

zgc:65851 (j). Black triangles point to spinal neurons expressing gene (a, e and f). Scale bar = 

50µm (a and c-m) or 100µm (b).  
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Fig. 7: lmx1bb is not expressed by V2a neurons 

Lateral view of zebrafish spinal cord at 27 h. Anterior left, dorsal top. in situ hybridization lmx1bb 

(red) and immunohistochemistry GFP (green) in Tg(vsx1:GFP) embryo. Merged view (top) and 

single channel merged views (below). No co-localization was detected. Scale bar = 50µm. 
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Fig. 8: Misexpression of genes in V2a sorted cells 

Heat maps are groups by genes that are expressed by specific cell populations according to 

[15,35,47–49,51–62,89]. “Control” heat maps correspond to genes that are expressed by V2a (vsx1 

and vsx2) or V2b (gata2a and gata3) neurons. “V0v” heat maps correspond to genes (evx1, evx2 

and skor2) that are expressed by V0v neurons but not V2a or V2b neurons. skor2 is also expressed 

by more dorsal spinal cord cells types. “V1” heat maps correspond to genes (eng1b, otpb, hmx3a, 

pax2a and pax8) that are expressed by V1 neurons but not V2a or V2b neurons. otpb, hmx3a, 

pax2a and pax8 are also expressed by spinal cells dorsal to the V1 domain. “MN/RB” heat maps 

correspond to genes (mnx2b, isl1 and runx1) that are expressed by motor neurons and/or Rohon 

Beard neurons but not V2a or V2b neurons. Columns within the heat maps represent individual 

microarray experiments. Rows within the heat maps indicate relative expression levels of specific 

genes as normalized data transformed to a mean of zero and a standard deviation of +1 (highly-

expressed, Red) to -1 (weakly/not expressed, Blue) in sigma units. A two-class eBays comparison 

of V2a and V2b populations was used for statistical analysis. Probes for each gene are ranked by 

their mixing proportion which measures their posterior probability (Table 3). 
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Tables and legends  

Table 1: Genes expressed relatively higher in glutamatergic than inhibitory interneurons  

First column lists the genes identified in the microarray data as likely being expressed at higher 

levels in glutamatergic interneurons than inhibitory interneurons in the zebrafish spinal cord at 27 

h. Adjacent columns list the primers used to generate in situ hybridization probes for the 

corresponding genes and who performed the in situ hybridization experiment. The last column 

describes the endogenous expression pattern of the genes at 27 h as assessed by in situ 

hybridization. SC= spinal cord, N/A= genes we were never able to generate in situ probes for.  

Gene Forward Reverse 

Who 

perform

ed ISH Expression 

arid5b 

CCTTCGCCATT

CATTCCTTAAT

G 

AATTAACCCTCACTAAAGGGA

TTGCGTTCAGTTTGTGAA me 

Specific in the SC at 24 but 

SC expression is lost after 27h 

atxn1a 

TTCTCCTAGCG

CAATCCAGTAC 

AATTAACCCTCACTAAAGGGA

CCGGCAAAGTAACCAATGAT

AG me 

Not in SC but specific in other 

tissue at 27 h 

atxn1b 

CCT GAC AGA 

AGC CAC TTT 

CC 

AATTAACCCTCACTAAAGGGA

ACCAAACTCATGCTCCGT TC 

undergra

duate 

Not in SC & nothing specific 

anywhere at 27 h 

cica 

CTCCCTCTACTC

GTGCCAGA 

AATTAACCCTCACTAAAGGGA

AGGCCAGCCTTCTCCTAATC 

undergra

duate 

Not in SC but specific in other 

tissue at 27 h 

crem 

CGACTGTGGTC

AGTCACG 

AATTAACCCTCACTAAAGGGA

TCGGAGCTGGTGTATTTGTG 

undergra

duate 

Not in SC but specific in other 

tissue at 27 h 

ebf1a N/A N/A N/A At least V0v & V2a at 27 h 

ebf3 

Probe made from 

plasmid Probe made from plasmid me At least V0v & V2a at 27 h 

hif1aa 

GAACACCAGGA

GGAGGTTGAG 

AATTAACCCTCACTAAAGGGA

TCACAGTCGTGATGGGTGATT

TG 

undergra

duate 

Not in SC & nothing specific 

anywhere at 27 h 

im:71

56494 

CCTTATCTGAC

TGGGCGTTCAA

GCCCC 

AATTAACCCTCACTAAAGGGA

AGTCAGAGACCTGCTTCAGTG

TTTGCAC 

undergra

duate 

Not in SC & nothing specific 

anywhere at 27 h 

kiaa 

TTGTGTATCCT

GGCATTGGAG 

AATTAACCCTCACTAAAGGGA

CGAGCGTGTCTTTGCTCTTAG 

undergra

duate 

Expressed by many SC 

populations at 27 h 

klhl29 

TGCGGAGGGAA

GATCTATGT 

AATTAACCCTCACTAAAGGGA

GGCTCGTGGATTGGAATAAA 

undergra

duate 

Not in SC but specific in other 

tissue at 27 h 

lmx1b

b 

GGGACAAGCAA

CACTTGGAG 

AATTAACCCTCACTAAAGGGA

TCCGAACATCACATTTCAACA me 

At least in V0v cells, doesn't 
seem ventral enough for V2a 

cells at 27 h 

LOC1

00004

939 

ATGCGCTCAGA

TTCTCTGGT 

AATTAACCCTCACTAAAGGGA

GTCTCTCCTGGTCGCTCATC 

undergra

duate Somite staining at 27h 

nfyba 

GTCAGATGGAC

GGAGACAGC 

AATTAACCCTCACTAAAGGGA

ATGGCCTTTTTGTGTGTTCC 

undergra

duate 

Expressed by many SC 

populations at 27 h 

onecut

3 

CGATTCGAGCA

TGAGTCTGAG 

AATTAACCCTCACTAAAGGGA

CCCTTGTCCACTTTTCAGGAT

AAAC 

undergra

duate 

Expressed by many SC 

populations at 27 h 
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Gene Forward Reverse 

Who 

perform

ed ISH Expression 

pbx3a 

AGCTCATGCGT

CTGGATAAC 

AATTAACCCTCACTAAAGGGA

AAACGCCATTACCATTCAGG me 

Expressed by many SC 

populations at 27 h 

phactr

3b 

CGCTGCTGTTT

CTGTCAAAC 

AATTAACCCTCACTAAAGGGA

CGCTCTGCTCATTCTCAGTG 

undergra

duate 

Not in SC but specific in other 

tissue at 27 h 

prdm6 

GATCAGGAGGG

AACGCTACAG 

AATTAACCCTCACTAAAGGGA

GTGGGATCCCGAAGAAAGAC 

undergra

duate 

At least in V0v cells, doesn't 

seem ventral enough for V2a 

cells at 27 h 

rai1 
GGCTTCATCAT
CCACAGGTTTG 

AATTAACCCTCACTAAAGGGA
GCTGAATTGCTGGGAGAGTC 

undergra
duate 

Expressed by many SC 
populations at 27 h 

raraa N/A N/A N/A 

Expressed by many SC 

populations at 27 h 

rarab N/A N/A N/A 

Expressed by many SC 

populations at 27 h 

rarga 

GTTGGGAAGGA

GCACAACATT 

AATTAACCCTCACTAAAGGGA

CCCATACAAACGCTTGTTCA 

undergra

duate 

Expressed by many SC 

populations at 27 h 

rereb 

GTTGGGAAGGA

GCACAACATT 

AATTAACCCTCACTAAAGGGA

CCCATACAAACGCTTGTTCA 

undergra

duate Unknown 

samd8 

CTCAGGGTGTG

GGTGTTTCTG 

AATTAACCTCACTAAAGGGA

ACGGTGTTTTTGCTGTAGGG 

undergra

duate 

Not in SC but specific in other 

tissue at 27 h 

skilb 

TTCTGTTCCCCA

AAGACCAC 

AATTAACCCTCACTAAAGGGA

CTTCTCCTGCTGGAACTTGG 

undergra

duate 

Not in SC but specific in other 

tissue at 27 h 

skor1a 

CTGTGGCATGA

TCACCAAAC 

AATTAACCCTCACTAAAGGGA

CACTGGTCTGAACGCAGAAA me At least V0v & V2a at 27 h 

skor1b 

CGAGAGCAGGT

CGATAGAGG 

AATTAACCCTCACTAAAGGGA 

GAGGTTTGAAGGTGCAGGTC me At least V0v & V2a at 27 h 

sox12 

ACGGCAGACGA

GGATAGAGA 

AATTAACCCTCACTAAAGGGA

CCAGTTCCTCATCCGAACAT me 

At least in V0v cells, doesn't 

seem ventral enough for V2a 

cells at 27 h 

srebf2 

AGACGACGGTT

AGGCTGATG 

AATTAACCCTCACTAAAGGGA
TAAACCCAGACCACACGACA

G 

undergra

duate 

Expressed by many SC 

populations at 27 h 

tshz2 

CATGCACAGTA

GCCTGGAGAAA

ATG 

AATTAACCCTCACTAAAGGGA

GATCGAGGGCTAGCTGTTTG me 

At least in V0v cells, doesn't 

seem ventral enough for V2a 

cells at 27 h 

uncx 

CAAGGGTGCAG

GTATGGTTTC 

AATTAACCCTCACTAAAGGGA

CTGGTTGTCGCTGATTCTGAA

TTTTG 

undergra

duate 

At least in V0v cells, doesn't 

seem ventral enough for V2a 

cells at 27 h 

zbtb10 

TGTGGCAAAAG

ATTGTCAGG 

AATTAACCCTCACTAAAGGGA

CGTGCAACAAAGAGGTTTGA me 

Expressed by many SC 

populations at 27 h 

zgc:19

4800 

GGTGTGGGTGT

TTCTGGAGT 

AATTAACCCTCACTAAAGGGA

ACGGTGTTTTTGCTGTAGGG 

undergra

duate 

Expressed by many SC 

populations at 27 h 

zgc:65

851 

CATCCTCGCTT

CGCTTTTAG 

AATTAACCC 

TCACTAAAGGGAGAGCGATA

CCACTCCTCTGC me 

At least in V0v cells, doesn't 

seem ventral enough for V2a 

cells at 27 h 

znf513 

TATGGAGAGTG

ACGCTGACG 

AATTAACCCTCACTAAAGGGA

GGCACTTATGAGGCTTCTCG me 

Not in SC but specific in other 

tissue at 27 h 

znf804

a 

TCATGCAAGCA

AGAGAGTGG 

GCAATTAACCCTCACTAAAGG
GA 

CAGTCCTCTGCAGGGCTAAC me 

Not in SC & nothing specific 

anywhere at 27 h 
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Table 2: Posterior probability of genes expressed relatively higher in glutamatergic than 

inhibitory interneurons 

First column lists, in an order corresponding to fig. 2, the genes identified in the microarray data 

as being expressed at higher levels in glutamatergic interneurons than inhibitory interneurons. The 

second column for each gene is the mean difference (difference between the mean glutamatergic 

sigma units and mean inhibitory sigma units) and the third column is the mixing proportion (which 

measures the posterior probability) for each probe corresponding to that gene. Each gene transcript 

has eight corresponding probes so each gene will have a multiple of eight probes depending on the 

number of gene transcripts. Data pre-processing and normalization was performed by Dr. England 

using Bioconductor software (https://www.bioconductor.org/). Two-class eBayes analyses were 

performed using GEPAS software [24]. All reported statistics were corrected for multiple testing 

[25].  

Gene name MeanDiff mixing_proportion   Gene name MeanDiff mixing_proportion 

arid5 

1.9307500000 1.0000000000   

raraa 

0.6913750000 0.9591177889 

1.8442500000 1.0000000000   0.6252500000 0.8872456202 

1.8087500000 0.9999999999   0.5983750000 0.8333912646 

1.7757500000 0.9999999999   0.5902500000 0.8207746288 

1.7115000000 0.9999999997   0.5655000000 0.7720814767 

1.7691250000 0.9999999996   0.5391250000 0.7040307887 

1.6980000000 0.9999999994   0.0823750000 0.0878077965 

1.7376250000 0.9999999994   0.0380000000 0.0843943224 

atxn1a 

1.9253750000 1.0000000000   0.6913750000 0.9591177889 

1.7317500000 1.0000000000   0.6252500000 0.8872456202 

1.7138750000 1.0000000000   0.5983750000 0.8333912646 

1.8757500000 0.9999999998   0.5902500000 0.8207746288 

1.7032500000 0.9999999998   0.5655000000 0.7720814767 

1.7522500000 0.9999999962   0.5391250000 0.7040307887 

1.0737500000 0.9999917149   0.0823750000 0.0878077965 

0.8130000000 0.9971391378   0.0380000000 0.0843943224 

atxn1b 

0.9998750000 0.9999136455   

rarab 

0.4820000000 0.2131739030 

1.0096250000 0.9991661780   0.2788750000 0.1671158916 

0.9996250000 0.9990941929   0.7110000000 0.1069263300 

0.9732500000 0.9967560929   0.4351250000 0.0920314257 

0.9417500000 0.9956389175   0.6571250000 0.0747131002 

0.7588750000 0.9829000693   0.3028750000 0.0707048931 

0.8363750000 0.9827855251   0.1808750000 0.0144718696 
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0.6896250000 0.9543560330   -0.0376250000 0.0142565557 

0.7592500000 0.8996278690   

rarga 

2.0106250000 1.0000000000 

0.6567500000 0.7676152682   1.9652500000 1.0000000000 

0.6206250000 0.7623711026   1.9378750000 1.0000000000 

0.5075000000 0.5618389582   1.9267500000 1.0000000000 

0.5282500000 0.5001689889   1.9152500000 1.0000000000 

0.3587500000 0.1034007317   1.8793750000 1.0000000000 

-2.1600000000 0.9999999998   1.8986250000 1.0000000000 

cica 

1.7305000000 1.0000000000   1.8667500000 1.0000000000 

1.7475000000 1.0000000000   1.7977500000 1.0000000000 

1.6768750000 1.0000000000   1.7817500000 1.0000000000 

1.6823750000 1.0000000000   1.7781250000 1.0000000000 

1.5800000000 1.0000000000   1.7053750000 0.9999999998 

1.5481250000 0.9999999999   1.6895000000 0.9999999997 

1.5402500000 0.9999999999   1.6760000000 0.9999999995 

1.5022500000 0.9999999998   1.6271250000 0.9999999977 

crem 

2.2396250000 1.0000000000   1.5812500000 0.9999999937 

2.0302500000 1.0000000000   

rereb 

1.9805000000 1.0000000000 

1.7708750000 1.0000000000   1.9877500000 1.0000000000 

1.5882500000 1.0000000000   1.9535000000 0.9999999999 

1.5707500000 1.0000000000   1.7371250000 0.9999999998 

1.3281250000 0.9999999921   1.8998750000 0.9999999983 

1.1390000000 0.9999983536   0.6485000000 0.2875185617 

0.7472500000 0.9868639644   0.1767500000 0.0849450877 

ebf1a 

2.2175000000 1.0000000000   -0.1031250000 0.0824703837 

2.0877500000 1.0000000000   

samd8 

1.9218755000 1.0000000000 

2.0273750000 0.9999999999   1.7805000000 0.9999999999 

2.0465000000 0.9999999999   1.8052500000 0.9999999999 

2.0000000000 0.9999999998   1.7936250000 0.9999999999 

1.9231250000 0.9999999993   1.8041250000 0.9999999999 

1.9217500000 0.9999999987   1.7090000000 0.9999999999 

1.8811250000 0.9999999983   1.7565000000 0.9999999999 

ebf3 

2.7811250000 1.0000000000   1.8403750000 0.9999999999 

2.0091250000 1.0000000000   

skilb 

2.0826250000 1.0000000000 

2.0306250000 1.0000000000   1.7180000000 1.0000000000 

1.5853750000 1.0000000000   1.6542500000 1.0000000000 

1.4251250000 0.9999999981   1.7353750000 0.9999999999 

1.5240000000 0.9999999961   1.4726250000 0.9999999963 

1.1535000000 0.9999957671   1.4726250000 0.9999999540 

0.7058750000 0.9758419842   1.1497500000 0.9999834106 
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hif1aa 

2.0548750000 1.0000000000   0.8110000000 0.9824803193 

1.9918750000 1.0000000000   

skor1a 

3.1142500000 1.0000000000 

2.1917500000 1.0000000000   3.7592500000 1.0000000000 

1.9408750000 1.0000000000   3.4850000000 1.0000000000 

1.9282500000 1.0000000000   3.3515000000 1.0000000000 

1.9566250000 1.0000000000   3.8223750000 1.0000000000 

1.7510000000 1.0000000000   3.5276250000 1.0000000000 

1.7265000000 1.0000000000   3.5571250000 1.0000000000 

1.7660000000 1.0000000000   3.6868750000 1.0000000000 

1.8565000000 1.0000000000   

skor1b 

3.9472500000 1.0000000000 

2.0822500000 0.9999999752   3.5732500000 1.0000000000 

1.2807500000 0.9999979600   5.0367500000 1.0000000000 

1.2421250000 0.9999949259   4.6832500000 1.0000000000 

1.3680000000 0.9999933732   3.9770000000 1.0000000000 

0.0486250000 0.0675759014   4.9658750000 1.0000000000 

-0.1988750000 0.0920620873   4.6590000000 1.0000000000 

im:7156494 

2.3665000000 1.0000000000   3.8305000000 1.0000000000 

2.2166250000 1.0000000000   

sox12 

2.7515000000 1.0000000000 

2.2007500000 1.0000000000   3.6808750000 1.0000000000 

1.8143750000 0.9999999996   2.9218750000 1.0000000000 

2.0377500000 0.9999999994   2.7490000000 1.0000000000 

1.6695000000 0.9999999414   3.0066250000 1.0000000000 

1.6393750000 0.9999997234   2.2120000000 1.0000000000 

1.7095000000 0.9999992375   1.8748750000 1.0000000000 

KIAA1841 

2.1207500000 1.0000000000   1.8485000000 1.0000000000 

2.0138750000 1.0000000000   

srebf2 

2.7837500000 1.0000000000 

1.8356250000 1.0000000000   2.7963750000 1.0000000000 

1.7658750000 0.9999999999   3.0531250000 1.0000000000 

1.8446250000 0.9999999997   2.9803750000 1.0000000000 

1.6118750000 0.9999999648   2.2577500000 1.0000000000 

1.4311250000 0.9999978965   1.9692500000 0.9999999995 

0.9997500000 0.9987027377   -0.2723750000 0.0298655495 

klhl29 

2.2393750000 1.0000000000   -0.0585000000 0.0301904402 

2.3116250000 1.0000000000   

tshz2 

2.4077500000 1.0000000000 

1.7992500000 1.0000000000   2.4111250000 1.0000000000 

1.8052500000 0.9999999998   1.9020000000 1.0000000000 

1.7227500000 0.9999999899   2.1912500000 1.0000000000 

1.0513750000 0.9999395763   1.3556250000 0.9999995749 

0.6668750000 0.7170405453   1.1577500000 0.9999510176 

0.4238750000 0.3820278565   1.0676250000 0.9998593618 
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lmx1bb 

2.3032500000 1.0000000000   0.5757500000 0.7848178688 

1.9663750000 1.0000000000   

uncx 

2.5350000000 1.0000000000 

3.0286250000 1.0000000000   2.5147500000 1.0000000000 

1.9573750000 1.0000000000   2.1862500000 1.0000000000 

1.6848750000 1.0000000000   2.2833750000 1.0000000000 

1.4965000000 0.9999999998   2.2728750000 1.0000000000 

1.0341250000 0.9999759238   2.8242500000 1.0000000000 

0.9356250000 0.9996700860   2.6058750000 1.0000000000 

LOC100004939 

1.9266250000 1.0000000000   2.2665000000 1.0000000000 

1.8941250000 1.0000000000   2.2665000000 1.0000000000 

1.8628750000 1.0000000000   2.6845000000 1.0000000000 

1.8781250000 1.0000000000   2.9507500000 1.0000000000 

1.8248750000 1.0000000000   2.9627500000 1.0000000000 

1.7498750000 0.9999999999   2.5651250000 1.0000000000 

1.7361250000 0.9999999998   2.9822500000 1.0000000000 

1.7375000000 0.9999999997   2.6083750000 1.0000000000 

nfyba 

2.1060000000 1.0000000000   1.6603750000 1.0000000000 

2.6737500000 1.0000000000   

zbtb10 

2.2345000000 1.0000000000 

2.2638750000 1.0000000000   2.1262500000 1.0000000000 

2.1045000000 1.0000000000   2.2370000000 1.0000000000 

1.8396250000 0.9999999993   2.1842500000 1.0000000000 

0.9382500000 0.9988356700   1.8722500000 1.0000000000 

0.3033750000 0.0507439750   1.7940000000 1.0000000000 

-0.3718750000 0.0557028290   1.6961250000 1.0000000000 

onecut3 

2.9128750000 1.0000000000   1.3890000000 0.9999999741 

2.5163750000 1.0000000000   

zgc:194800 

2.0355000000 1.0000000000 

2.5433750000 1.0000000000   1.9365000000 1.0000000000 

2.4638750000 1.0000000000   1.8292500000 1.0000000000 

2.2418750000 0.9999999975   1.8073750000 1.0000000000 

2.0235000000 0.9999999293   1.6531250000 1.0000000000 

2.0937500000 0.9999999281   1.4820000000 0.9999999815 

1.5207500000 0.9970064741   1.3857500000 0.9999994827 

pbx3a 

2.1015000000 1.0000000000   1.3526250000 0.9999990568 

2.0878750000 1.0000000000   

zgc:65851 

3.4151250000 1.0000000000 

2.0772500000 1.0000000000   3.1726250000 1.0000000000 

2.0897500000 1.0000000000   3.2496250000 1.0000000000 

1.9856250000 1.0000000000   3.3357500000 1.0000000000 

1.9547500000 1.0000000000   2.9492500000 1.0000000000 

1.8702500000 1.0000000000   3.7445000000 1.0000000000 

1.7270000000 0.9999999999   3.3885000000 1.0000000000 
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phactr3b 

2.6610000000 1.0000000000   3.0741250000 1.0000000000 

2.9225000000 1.0000000000   

znf513 

2.1855000000 1.0000000000 

2.4785000000 1.0000000000   2.1491250000 1.0000000000 

2.2530000000 1.0000000000   2.0025000000 1.0000000000 

1.4860000000 0.9999999995   1.9913750000 1.0000000000 

1.3721250000 0.9999999929   1.9356250000 1.0000000000 

1.5176250000 0.9999986605   1.7946250000 1.0000000000 

1.7781250000 0.9999974153   2.1162500000 1.0000000000 

prdm6 

1.9931250000 1.0000000000   1.7411250000 1.0000000000 

1.7141250000 1.0000000000   1.6738750000 1.0000000000 

1.7457500000 1.0000000000   1.7030000000 0.9999999999 

1.7370000000 1.0000000000   1.9477500000 0.9999999995 

1.5665000000 1.0000000000   1.6110000000 0.9999969436 

1.4797500000 0.9999999999   0.9136250000 0.9934102830 

1.4397500000 0.9999999999   0.9515000000 0.9927519692 

1.4981250000 0.9999999996   0.8646250000 0.5748964604 

rai1 

2.7632500000 1.0000000000   0.3330000000 0.1156536871 

2.3510000000 1.0000000000   

znf804a 

2.5928750000 1.0000000000 

2.7618750000 1.0000000000   2.4325000000 1.0000000000 

3.2295000000 1.0000000000   2.4295000000 1.0000000000 

1.9953750000 1.0000000000   2.3141250000 1.0000000000 

1.8235000000 1.0000000000   2.2842500000 1.0000000000 

1.7622500000 1.0000000000   2.1656250000 1.0000000000 

1.4761250000 0.9999999840   2.2355000000 1.0000000000 

    2.1102500000 1.0000000000 

 

 

 

 

 

 

 

 

 



81 
 

Table 3: Posterior probability of genes miss expressed by V2a interneurons 

Listed in columns, in an order corresponding to fig. 7, are genes known to be expressed by V2a or 

V2b neurons  or genes mis-expressed by V2a neurons that are expressed by at least V0v, V1, RB 

and/or motor neurons [15,35,47–49,51–62,89]. Adjacent to each gene is the mean difference 

(difference between the mean V2a sigma units and mean V2b sigma units) and mixing proportion 

(which measures their posterior probability) for each probe corresponding to that gene. Negative 

mean difference values indicate genes expressed higher in inhibitory populations than excitatory 

populations. Each gene transcript has eight corresponding probes so each gene will have a multiple 

of eight probes depending on the number of gene transcripts. Data pre-processing and 

normalization was performed by Dr. England using Bioconductor software 

(https://www.bioconductor.org/). Two-class eBayes analyses were performed using GEPAS 

software [24]. All reported statistics were corrected for multiple testing [25].  

Controls k V0v 

Gene Name MeanDiff mixing_proportion   Gene Name MeanDiff mixing_proportion 

vsx1 

2.0277500000 1.0000000000   

evx1 

1.6745000000 0.9999999853 

1.6377500000 0.9999999988   1.4855000000 0.9999988709 

1.5575000000 0.9999999813   1.4485000000 0.9999978597 

1.6447500000 0.9999999667   1.4212500000 0.9999975527 

1.4330000000 0.9999968441   1.3845000000 0.9999935709 

1.3827500000 0.9999908468   1.2245000000 0.9999357386 

1.1565000000 0.9996189252   1.1805000000 0.9999092489 

0.3450000000 0.2493043419   1.1475000000 0.9998883310 

vsx2 

4.6830000000 1.0000000000   

evx2 

1.2250000000 0.9999840547 

5.2312500000 1.0000000000   0.9602500000 0.9890929822 

5.6425000000 1.0000000000   0.6395000000 0.8211380522 

4.9077500000 1.0000000000   0.6292500000 0.7938453948 

4.8037500000 1.0000000000   0.6192500000 0.7366817239 

5.5272500000 1.0000000000   0.2767500000 0.1830074173 

5.1692500000 1.0000000000   0.1312500000 0.1002820229 

5.2647500000 1.0000000000   -0.1050000000 0.0938033525 

4.4610000000 1.0000000000   

skor2 

1.0325000000 0.9972124306 

4.9515000000 1.0000000000   0.8532500000 0.9746959183 

4.9317500000 1.0000000000   0.8237500000 0.9638296944 

4.4715000000 1.0000000000   0.4910000000 0.5009569588 

5.7297500000 1.0000000000   0.4902500000 0.4986101950 
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4.5472500000 1.0000000000   0.4475000000 0.3962989015 

4.6707500000 1.0000000000   0.4200000000 0.3556661237 

4.1300000000 1.0000000000   0.4217500000 0.3455923021 

gata2a 

-0.8250000000 0.5657552036     

-0.8360000000 0.6548694627     

-0.8967500000 0.6647817872     

-0.8752500000 0.6987546202     

-0.8862500000 0.7059667956     

-0.9612500000 0.8032195240     

-1.2920000000 0.9984575852     

-1.2022500000 0.9988082636  
   

-1.3022500000 0.9989453668     

-1.2105000000 0.9989756531     

-1.2132500000 0.9994995774     

-1.2672500000 0.9997657186     

-1.3372500000 0.9999208944     

-1.4507500000 0.9999897008     

-1.9490000000 0.9999999972     

-2.1095000000 0.9999999999  
   

gata3 

-0.5875000000 0.0874142740     

-0.8242500000 0.5486900582     

-1.0732500000 0.5690151395     

-1.2697500000 0.9793146596     

-1.3122500000 0.9999254383     

-1.9565000000 1.0000000000     

-2.1577500000 1.0000000000     

-2.5307500000 1.0000000000  
   

 

              

V1 k MN/Rb 

Gene Name MeanDiff mixing_proportion   Gene Name MeanDiff mixing_proportion 

eng1b 

2.1472500000 1.0000000000   

mnx2b 

0.2650000000 0.1759378893 

1.9342500000 1.0000000000   0.2632500000 0.1749853862 

1.9910000000 0.9999999999   0.1860000000 0.1419564669 

1.8402500000 0.9999999989   0.1502500000 0.1312774260 

1.7790000000 0.9999998271   0.1370000000 0.1300272918 

1.2595000000 0.9999152204   0.1182500000 0.1222573255 

0.6057500000 0.6372522662   0.1105000000 0.1158527413 
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-0.2227500000 0.1616544449   0.0740000000 0.1155034881 

otpb 

2.1617500000 1.0000000000   -0.0725000000 0.0621771325 

2.2320000000 1.0000000000   -0.1232500000 0.0672610727 

1.9582500000 1.0000000000   -0.0870000000 0.0681816947 

1.8455000000 1.0000000000   -0.1317500000 0.0728899814 

1.8125000000 1.0000000000   -0.5775000000 0.7187132217 

1.7430000000 1.0000000000   -0.5982500000 0.7657176374 

1.3285000000 0.9999995659   -0.6982500000 0.9240695027 

0.6672500000 0.8914574922   -0.8297500000 0.9897897843 

hmx3a 

2.5845000000 1.0000000000   

isl1 

1.5000000000 0.9999991394 

2.4542500000 1.0000000000   0.8470000000 0.9619995416 

2.3940000000 1.0000000000   0.7200000000 0.9262720395 

2.3222500000 1.0000000000   0.6382500000 0.7713197721 

2.2202500000 0.9999999997   0.5682500000 0.6293807884 

2.2035000000 0.9999999997   0.4880000000 0.4868786310 

1.9957500000 0.9999999993   -0.2075000000 0.1425115840 

1.7290000000 0.9999999984   -0.3002500000 0.1670681427 

1.6967500000 0.9999999967   

runx1 

0.1327500000 0.0639788722 

1.4855000000 0.9999999772   0.1212500000 0.0629272447 

1.7970000000 0.9999998906   0.1037500000 0.0584839765 

1.2675000000 0.9999835992   0.1075000000 0.0577788290 

1.2810000000 0.9973183414   0.0937500000 0.0568764233 

0.8002500000 0.9400922579   0.0852500000 0.0553937281 

0.3175000000 0.2236958751   0.0680000000 0.0553598690 

0.1842500000 0.1166629036   0.0685000000 0.0546064733 

pax2a 

2.2512500000 1.0000000000   -0.3685000000 0.2241447731 

2.5117500000 1.0000000000   -0.3977500000 0.3154607440 

2.1555000000 1.0000000000   -0.5445000000 0.6332265145 

2.2110000000 1.0000000000   -1.0440000000 0.9855939237 

2.5087500000 1.0000000000   -1.1362500000 0.9986039369 

2.1730000000 1.0000000000   -1.0067500000 0.9991625139 

2.1135000000 1.0000000000   -1.2625000000 0.9999632909 

2.4262500000 1.0000000000   -2.0017500000 1.0000000000 

2.2567500000 1.0000000000     

2.0275000000 1.0000000000     

1.9450000000 1.0000000000     

2.2357500000 1.0000000000     

2.1250000000 0.9999999999     
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1.6160000000 0.9999999702     

1.2790000000 0.9999788054     

1.1885000000 0.9998650752  
   

1.1090000000 0.9994481779     

1.1305000000 0.9980214608     

0.9370000000 0.9919377472     

0.8207500000 0.9180381481     

0.8040000000 0.9138468913     

0.7562500000 0.0343767096     

0.6412500000 0.0203719178     

0.5832500000 0.0179410029  
   

pax8 

2.4990000000 1.0000000000     

2.0780000000 1.0000000000     

2.2922500000 1.0000000000     

2.0385000000 1.0000000000     

1.4732500000 0.9999999608     

1.4675000000 0.9999999471     

1.4600000000 0.9999998115     

1.4500000000 0.9999991791  
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Table 4: FAC-sorted V2a neurons were not dying 

Listed in columns, in alphabetical order, are genes known to be expressed by are genes known to 

be upregulated during apoptosis [15,35,47–49,51–62,89]. Adjacent to each gene is the mean 

difference (difference of the mean glutamatergic sigma units and mean inhibitory sigma units) and 

mixing proportion (which measures their posterior probability) for each probe corresponding to 

that gene. Negative mean difference values indicate genes expressed higher in inhibitory 

populations than excitatory populations. Each gene transcript has eight corresponding probes so 

each gene will have a multiple of eight probes depending on the number of gene transcripts. Data 

pre-processing and normalization was performed by Dr. England using Bioconductor software 

(https://www.bioconductor.org/). Two-class eBayes analyses were performed using GEPAS 

software [24]. All reported statistics were corrected for multiple testing [25].  

Gene Name MeanDiff mixing_proprtion 

fos 

-0.4337500000 0.0021831801 

-0.5060000000 0.0064347893 

-0.6210000000 0.0226993175 

-0.7032500000 0.0282024567 

-0.7842500000 0.1116845917 

-1.0662500000 0.2898435071 

-1.4570000000 0.7871539862 

-1.6530000000 0.9083380915 

max 

1.2862500000 0.8263966789 

1.1692500000 0.5850159831 

0.3675000000 0.1724323609 

0.3047500000 0.1302246550 

0.4287500000 0.0813110905 

0.2222500000 0.0484304905 

0.7002500000 0.0428867936 

0.4887500000 0.0367974109 

0.6312500000 0.0314991894 

0.3710000000 0.0269621986 

-0.5555000000 0.0324151035 

-0.6622500000 0.0515251022 

-0.5850000000 0.1193945723 

-0.7970000000 0.3435882943 

-0.5840000000 0.4019685530 

-0.7145000000 0.6446334750 

myca 0.2140000000 0.1421364944 
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0.2697500000 0.1326679376 

0.2797500000 0.1214422745 

0.1547500000 0.1142889592 

0.2372500000 0.1059727029 

0.0360000000 0.1028185570 

0.0435000000 0.0996620828 

0.0402500000 0.0982452319 

0.0197500000 0.0980044352 

0.2040000000 0.0885933254 

0.1662500000 0.0789520956 

0.1212500000 0.0690434263 

-0.0327500000 0.1033164173 

-0.0472500000 0.1165748871 

-0.7362500000 0.8377006506 

-1.0042500000 0.9937046429 

mycb 

0.3900000000 0.0783525111 

0.5275000000 0.0633760347 

0.1337500000 0.0484763605 

0.1622500000 0.0436127850 

-0.1507500000 0.0451081109 

-0.0432500000 0.0457842031 

-0.1202500000 0.0565039961 

-0.2732500000 0.0612184211 

tp53 

-1.1702500000 0.9923776460 

-1.8615000000 0.9999969988 

-1.9717500000 0.9999999689 

-2.0570000000 0.9999999882 

-2.2732500000 1.0000000000 

-3.0762500000 1.0000000000 

-3.4292500000 1.0000000000 

-2.8985000000 1.0000000000 
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CHAPTER THREE 
Lmx1b is Required for the Glutamatergic Neurotransmitter Characteristic in the Zebrafish Spinal 

Cord 
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Abstract 

Background 

Alterations in neurotransmitter phenotypes of specific neurons can cause imbalances in 

excitation and inhibition in the central nervous system (CNS) leading to diseases. Therefore, the 

correct specification and maintenance of neurotransmitter phenotypes is vital. As with other 

neuronal properties, neurotransmitter phenotypes are often specified and maintained by particular 

transcription factors. However, the specific molecular mechanisms and transcription factors that 

specify and maintain neurotransmitter phenotypes remain largely unknown.     

Methods 

In this chapter we use single mutant, double mutant and transgenic zebrafish embryos to 

elucidate the functions of Lmx1ba and Lmx1bb in spinal cord interneuron neurotransmitter 

phenotype specification and maintenance. 

Results 

We demonstrate that lmx1ba and lmx1bb are both expressed in the zebrafish spinal cord. 

Our functional analyses demonstrate that these transcription factors are not required for early 

neurotransmitter fate specification, but they are required, in a dose-dependent manner, to specify 

and/or maintain the excitatory (glutamatergic) neurotransmitter phenotype of specific subsets of 

spinal interneurons, including V0v cells, at later developmental time points. We also establish that 

Evx1 and Evx2, two transcription factors that are required for V0v cells to acquire their excitatory 

neurotransmitter phenotype, are also required for lmx1ba and lmx1bb expression in these cells, 

suggesting that Lmx1ba and Lmx1bb act downstream of Evx1 and Evx2 in V0v cells.  

Conclusions 

Lmx1ba and Lmx1bb function at least partially redundantly in the spinal cord and at least 

three functional lmx1b alleles are required for the excitatory (glutamatergic) neurotransmitter 

phenotype of specific subsets of spinal interneurons. Taken together, our data significantly 

enhance our understanding of how spinal cord neurotransmitter phenotypes are specified and/or 

maintained.   
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Introduction 

Neurons in the central nervous system (CNS) must specify and maintain several properties 

in order to integrate and function properly within neuronal circuitry [1]. One crucial neuronal 

characteristic that must be specified correctly and usually must be maintained (for some exceptions 

see [2]) is the neurotransmitter phenotype [1]. Failure to correctly specify or maintain 

neurotransmitter phenotypes can result in incorrect levels of excitatory or inhibitory 

neurotransmitter release and lead to diseases such as epilepsy, autism spectrum disorder, and 

Alzheimer’s [3–6].  

Neurotransmitter phenotypes, like many other neuronal properties, are initially specified 

by transcription factors that individual neurons express as they start to differentiate [7–12]. These 

neurotransmitter phenotypes are then maintained either by these same transcription factors or by 

additional ones [7,13–17]. However, in many cell types the transcription factors that specify and/or 

maintain neurotransmitter phenotypes are still unknown. This is a critical gap in our knowledge 

and one that we need to address in order to potentially develop better treatments for some of the 

aforementioned diseases and disorders.  

In this chapter, we investigate the functions of Lmx1b transcription factors in the zebrafish 

spinal cord and test whether they play a role in neurotransmitter fate specification and/or 

maintenance. Lmx1b has been implicated in a variety of functions in different regions of the 

vertebrate CNS including cell migration, cell survival, as well as correct specification and/or 

maintenance of cell identity, neuronal connectivity and neurotransmitter phenotypes [18–24]. 

However, it remains unclear if Lmx1b is required for neurotransmitter specification and/or 

maintenance in the spinal cord.  

Zebrafish have two Lmx1b ohnologs, lmx1ba and lmx1bb, that we show are expressed in 

likely overlapping spinal cord domains. Consistent with previous analyses in mouse, we show that 

lmx1bb is expressed by dI5 neurons, and for the first time in any animal, we show that V0v neurons 

(cells that form in the ventral part of the V0 domain [11,12,25–32]) also express lmx1bb. Both dI5 

and V0v cells are glutamatergic and consistent with this we demonstrate that most lmx1bb-

expressing cells are glutamatergic [8,11,16,33,34].  

We also show in zebrafish lmx1bb homozygous mutants that glutamatergic neurons are 

correctly specified during early development but the glutamatergic phenotype is reduced in the 
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spinal cord at later developmental time points. Interestingly, we see the same phenotype in lmx1ba 

homozygous mutants, lmx1ba;lmx1bb double mutants and lmx1ba;lmx1bb double heterozygous 

embryos suggesting that lmx1ba and lmx1bb act at least partially redundantly in a dose-dependent 

manner and that at least three functional lmx1b alleles are required for the correct spinal cord 

glutamatergic fates. Furthermore, the loss of glutamatergic neurons does not result in an increase 

of inhibitory neurons nor an increase in cell death suggesting that lmx1b-expressing spinal neurons 

do not adopt an alternative neurotransmitter fate or die. Finally, we demonstrate that lmx1ba and 

lmx1bb expression in V0v cells requires Evx1 and Evx2. In combination with a previous study that 

showed that Evx1 and Evx2 are required for V0v cells to become glutamatergic [11], our data 

suggest that Evx1 and Evx2 specify and/or maintain the V0v glutamatergic fate indirectly via 

Lmx1ba and Lmx1bb. 

Methods 

Ethics approval 

All zebrafish experiments in this research were approved either by the UK Home Office or 

by the Syracuse University IACUC committee. 

Zebrafish husbandry and fish lines 

Zebrafish (Danio rerio) were maintained on a 14-hour light / 10-hour dark cycle at 28.5°C. 

Embryos were obtained from natural paired and/or grouped spawnings of wild-type (WT) (AB, 

TL or AB/TL hybrid) fish or identified heterozygous lmx1bbjj410, lmx1bamw80, evx1i232;evx2sa140 or 

smoothenedb641 mutant fish or Tg(slc17a6:EGFP) [formerly called Tg(vGlut2a:EGFP)] [33,35–

37] or Tg(evx1:EGFP)SU1 [11] transgenic fish. Also, lmx1bbjj410 was crossed into the background 

of Tg[slc17a6b(vglut2a):loxP-DsRed-loxP-GFP]nns14 [41,42] and Tg(evx1:EGFP)SU1 fish 

respectively. Embryos were reared at 28.5°C and staged by hours post fertilization (h) and/or days 

post fertilization (dpf). Most embryos were treated with 0.2mM 1-phenyl 2-thiourea (PTU) at 24 

h to inhibit melanogenesis [38–40]. 

The evx1i232, evx2sa140 and lmx1bbjj410 mutants have been previously described [11,41–43]. 

All three of these mutations are single base pair changes that lead to premature stop codons before 

the homeobox. Therefore, if any of these RNAs are not degraded by nonsense mediated decay then 

the resulting proteins will lack the DNA binding domain. lmx1bamw80 mutant zebrafish were 

generated using TALENs constructs that target the sequences TCAAGTAGACATGCTGGACG 

and TCCGCTCCTGTCCTGAACTG within the first exon of lmx1ba by Dr. Bostrom and Dr. Link. 
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Constructs were made using steps 1-38 outlined in [44]. To generate mRNA encoding the 

TALENs, approximately 5µg of plasmid DNA was digested with ApoI and purified via the 

Invitrogen PureLink PCR Purification Kit (ThermoFisher, K310001). RNA was synthesized using 

the Ambion mMessage mMachine T7 kit (ThermoFisher, AM1344) with a poly(A) tail added from 

the Poly(A) Tailing Kit (Ambion, AM1350) and purified with the Megaclear Kit (Ambion, 

AM1908). 100pg of RNA for each TALEN was co-injected into 1-cell WT embryos. The 

lmx1bamw80 allele was recovered and identified as a single base pair deletion resulting in a 

premature stop codon preceding the homeodomain.   

Genotyping 

DNA for genotyping was isolated from both anesthetized adults and fixed embryos via fin 

biopsy or head dissections respectively by me. Fin biopsy and evx1 and evx2 genotyping of adults 

were performed as previously described [11,41]. However, KASP assays, designed by LGC 

Genomics LLC, using DNA extracted from head dissections, were used to identify embryos 

carrying the evx1i232 and evx2sa140 mutations. These assays use allele-specific PCR primers which 

differentially bind fluorescent dyes that we quantified with a BioRad CFX96 real-time PCR 

machine to distinguish genotypes. The proprietary primers used are: Evx1_y32_i232 and 

Evx2_sa140.  

Heads of fixed embryos were dissected in 80% glycerol / 20% phosphate-buffered saline 

(PBS) with insect pins. Embryo trunks were stored in 70% glycerol / 30% PBS at 4°C for later 

analysis. DNA was extracted via the HotSHOT method [45] using 20µL of NaOH and 2µL of 

Tris-HCl (pH-7.5).  

I identified lmx1bamw80 and lmx1bbjj410 alleles by restriction enzyme digestion assays as 

both of these mutations disrupt endogenous restriction enzyme sites. For lmx1bamw80, a 540bp 

amplicon encompassing the mutation site was generated with the following primers: Forward 

GATCCTCAAGAGGAGCTCATACACA and Reverse 

CATGCACATTTAACTATGATCTGAGCCGTG. This amplicon was digested with MluCI to 

yield 311bp and 142bp and 87bp (WT), 453bp and 87bp (homozygous mutant), or 453bp and 

311bp and 142bp and 87bp (heterozygous mutant) products. Similarly, for lmx1bbjj410, a 264bp 

amplicon encompassing the mutation site was generated with the following primers: Forward 

GAAGGCTCGTCTCTGCTGTGTGGTG and Reverse 
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CGTTATGGATGCGCTGAGACTGAATACC. This amplicon was digested with BfaI to yield 

211bp and 53bp (WT), 264bp (homozygous mutant), or 264bp and 211bp and 53bp (heterozygous 

mutant) products.    

Expression profiling V0v neurons & microarray design 

To identify transcription factors expressed by V0v neurons, V0v spinal neurons, all spinal 

cord neurons and all cells within the trunk were isolated from live transgenic zebrafish embryos at 

27 h using fluorescence activated cell-sorting (FACS) by Dr. England and Dr. de Jager. Prior to 

FACS, embryos were prim-staged, de-yolked, dissected and dissociated as in [46,47]. Heads and 

tails were removed from all samples to ensure that only trunk or spinal cord cells were collected. 

Trunk samples correspond to FAC-sorted trunk cells (spinal cord and other tissues). All neuron 

samples are EGFP-positive cells from Tg(elav13:EGFP) trunks [48]. V0v neurons are EGFP-

positive cells from Tg(evx1:EGFP)SU1 trunks [11]. Total RNA was extracted using an RNeasy 

Micro Kit (Qiagen, 74004). The quality of RNA was assessed via an Agilent 2100 Bioanalyser 

(RNA 6000 Pico Kit, Agilent, 5067-1513) before being converted to fluorescently-labelled cDNA 

(Ovation Pico WTA System V2, Pico, 3302) and hybridizing to a custom-designed Agilent 

microarray (Agilent #027382). Data pre-processing and normalization was performed using 

Bioconductor software (https://www.bioconductor.org/). A three-class ANOVA analyses was 

performed using GEPAS software [49]. All reported statistics were corrected for multiple testing 

[50]. Candidate genes were selected on the basis of RNA expression that was localized to at least 

V0v neurons in the spinal cord (see chapter 2). 

To generate the custom-designed Agilent microarray (Agilent #027382) Dr. Armant, Dr. 

Legradi and Dr. Strähle first performed comprehensive bioinformatic searches for proteins that 

contain at least one of the 483 InterPro domains identified in [51] as being specific to 

transcriptional regulators (see Chapter 2). These domains comprise three functional classes: DNA 

binding, chromatin remodeling and general transcription machinery. We identified 3192 potential 

transcription factors. 2644 of these proteins were identified in Zv8 (Ensembl release 54) of the 

zebrafish genome and a further 548 non-overlapping transcription factors were identified in the 

zebrafish Unigen dataset (release 117). Our custom arrays contain 33784 probes corresponding to 

8 distinct 60-mer probes for each of the transcripts associated with these 3192 proteins. We also 

included 170 housekeeping genes (5 copies of 8 probes each), 23 positive controls, such as 

neurotransmitter markers (2 copies of 8 probes each) and 49 negative controls (Arabidopsis 
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sequences; multiple copies of 8 probes each) on the arrays (Chapter 2, Fig. 1). Four biological 

replicates were performed per sample type.   

 

in situ hybridization 

Embryos were fixed in 4% paraformaldehyde and single and double in situ hybridization 

experiments were performed as previously described by me [52,53]. Probes for in situ 

hybridization experiments were prepared using the following templates: evx1 [32], evx2 [31], 

lbx1a [54] and lmx1ba [24]. A probe for lmx1bb was generated from cDNA as previously described 

[11,47] with the following primers: forward CTGGATATCAAGCCGGAGAA; reverse 

AATTAACCCTCACTAAAGGGATCCGAACATCACATTTCAACA. The lmx1bb probe 

sequence was selected to avoid cross-hybridization with lmx1ba and other lmx1 family members.  

I also tested a hydrolyzed version of the lmx1ba probe [24] as well as two additional lmx1ba 

probes. The full length lmx1ba probe [24] was hydrolyzed to approximately 200bp fragments as 

outlined in [55]. A second probe was synthesized from a plasmid containing the last 584bp of the 

coding sequence of lmx1ba. A third probe recognizing the 3’ coding sequence and UTR of lmx1ba 

was generated from cDNA, as previously described [11,47], with the following primers: forward 

CGCATGCGTTGGTATCTATG; reverse 

AATTAACCCTCACTAAAGGGAAAGCATCCTCCACAATGTCC. As these probes did not 

improve the signal quality when compared to the first probe described above [24], results from 

these in situ hybridization experiments are not included in this study.    

To determine neurotransmitter phenotypes, I used in situ probes of genes that function as 

transporters of neurotransmitters or that synthesize specific neurotransmitters. A mixture of probes 

to slc17a6a and slc17a6b, which encode glutamate transporters, was used to label glutamatergic 

neurons [56,57]. To label inhibitory cells we used slc32a1, which encodes a vesicular inhibitory 

amino acid transporter [58]. To label glycinergic cells a mixture of probes (glyt2a and glyt2b) for 

the gene slc6a5 were used [56,57]. The slc6a5 gene encodes for a glycine transporter necessary 

for glycine reuptake and transport across the plasma membrane. GABAergic neurons were labeled 

by a mixture of probes to gad1b and gad2 genes (probes previously called gad67a, gad67b and 

gad65) [56,57]. The gad1b and gad2 genes encode for glutamic acid decarboxylases, which are 

necessary for the synthesis of GABA from glutamate.     
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Immunohistochemistry 

Embryos were fixed in 4% paraformaldehyde and stored in PBS with 0.1% tween-20. To 

permeabilize embryos they were treated with acetone at -20°C for 30 minutes (36 h or younger), 

1 hour (48 h) or 3 hours (7 dpf) and then processed as previously described [11]. Primary antibodies 

were: mouse anti-GFP (Roche Applied Science, 11814460001, 1:500), rabbit anti-DsRed 

(Clontech, 632496, 1:200) or rabbit anti-activated caspase-3 (Fisher Scientific/BD, BDB559565, 

1:500). Secondary antibodies were: Alexa Fluor 568 goat anti-rabbit (Molecular Probes, A11036, 

1:500), Alexa Fluor 488 goat anti-mouse (Molecular Probes, A11029, 1:500) or Alexa Fluor 488 

goat anti-rabbit (Molecular Probes, A11034, 1:500). 

Acridine orange treatment 

A stock acridine orange base (Sigma-Aldrich, 235474) solution of 2.5mg/mL in dimethyl 

sulfoxide (DMSO) was made and stored at -20°C until used. At 24 h, 36 h and 48 h acridine orange 

stock solution was added to embryo medium (5mM NaCl, 0.17mM KCl, 0.33mM CaCl2·2H2O 

and 0.33mM MgSO4·7H2O in water) to make a final concentration of 5µg/mL. Embryos were 

bathed in the acridine orange / embryo medium solution in the dark at 28.5°C for 28 minutes. 

Embryos were then washed 5 times in embryo medium for 5 minutes each and analyzed using a 

fluorescent microscopy on a Zeiss Axio Imager M1 compound microscope and Olympus SZX16 

dissecting microscope.    

Imaging 

Embryos were mounted in 70% glycerol, 30% PBS and differential interference contrast 

(DIC) pictures were taken using an AxioCam MRc5 camera mounted on a Zeiss Axio Imager M1 

compound microscope. Embryos from acridine orange experiments and anti-activated caspase-3 

experiments were also imaged in the same way. Zeiss LSM 710 and LSM 780 confocal 

microscopes were used to image fluorescent in situ and antibody experiments. Images were 

processed using Adobe Photoshop software (Adobe, Inc), GNU Image Manipulation Program 

(GIMP 2.6.10, http://gimp.org) and Image J software (Abramoff et al., 2004). In some cases, 

different focal planes were merged to show labeled cells at different medial lateral positions in the 

spinal cord.  

Cell counts and statistics 

For acridine orange staining and activated caspase-3 immunohistochemistry experiments 

cell were counted along both sides of the entire rostral-caudal axis of the spinal cord. For all other 
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experiments, cell counts are for both sides of a five-somite length of the spinal cord adjacent to 

somites 6-10. Values are reported as the mean +/- the standard error of the mean. Results were 

analyzed using the student’s t-test or a chi-square test.  

Results 

lmx1ba and lmx1bb are expressed by zebrafish dI5 and V0v neurons 

To identify transcription factors that may play a role in V0v neuron specification and/or 

maintenance, we expression profiled V0v neurons and compared them to all post-mitotic neurons 

and all trunk cells (see methods and [47]). These analyses identified lmx1ba and lmx1bb, zebrafish 

ohnologs of Lmx1b (Fig. 1k), as two transcription factor genes potentially expressed in V0v 

neurons. Prior to this study, the only report of lmx1b expression in the zebrafish spinal cord 

established that lmx1bb is expressed in at least some rostral spinal neurons at 24 h [24]. However, 

it was unclear if lmx1bb expression was restricted to the rostral spinal cord or if lmx1ba was even 

expressed in spinal cord neurons. Therefore, to further confirm our microarray data, we examined 

the spinal cord expression of lmx1ba and lmx1bb in more detail (Fig. 1).  

At 27 h, lmx1ba is expressed in a narrow dorsal-ventral domain by interneurons in the most 

rostral region of the spinal cord, as well as in cells of the roof plate and floor plate (Fig. 1a). As 

development progresses interneurons in more caudal positions start to express lmx1ba (Fig. 1a, c 

and e). By 48 h, lmx1ba expression is no longer detected in the floor plate but is still present in the 

roof plate and interneurons (Fig. 1e).   

In contrast, at 27 h, lmx1bb spinal cord expression already extends along the entire rostral-

caudal axis in a narrow dorsal-ventral domain (Fig. 1b). Like lmx1ba, lmx1bb is also expressed in 

the roof plate and floor plate at this stage. As development progresses more spinal cord neurons 

express lmx1bb and roof plate expression becomes more prominent while floor plate expression is 

lost by 36 h (Fig. 1b, d and f; Table 1). By 48 h, lmx1ba and lmx1bb are expressed in presumably 

overlapping domains, although, as all lmx1ba in situ probes tested produced very weak staining 

(see methods), it was not possible to confirm this with co-labeling experiments. 

To determine the specific spinal cell types that express lmx1bb we performed double-

labeling experiments. In mouse, Lmx1b is expressed in dI5 neurons that also express Lbx1 

[18,34,59–63]. To test if this is also the case in zebrafish, we performed a double in situ 

hybridization for lmx1bb and lbx1a. At 30 h we found that at least 45% of lmx1bb-expressing cells 
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co-express lbx1a (Fig. 1g; Table 2). These results suggest that only a subset of lmx1bb-expressing 

neurons are dI5 neurons. In mouse three populations of neurons (dI4, dI5 and dI6) express the 

transcription factor Lbx1 but only the excitatory dI5 neurons express Lmx1b while inhibitory dI4 

and dI6 cells do not [18,34,59–64]. Similarly, we find that in the zebrafish spinal cord only 33% 

of lbx1a-expressing cells co-express lmx1bb (Fig. 1g; Table 2).   

As mentioned above, our expression profiling of V0v neurons suggested that zebrafish 

lmx1ba and lmx1bb may also be expressed in these cells (Fig. 1k). To confirm these results we 

performed EGFP immunohistochemistry and lmx1bb in situ hybridization in Tg(evx1:EGFP)SU1 

embryos that express EGFP in V0v neurons [11]. These experiments showed that at 30 h at least 

38% of lmx1bb-expressing neurons are V0v neurons (Fig. 1h; Table 2). 

Both V0v cells and dI5 cells are glutamatergic [8,11,16,33,34]. Moreover, Lmx1b-

expressing neurons are glutamatergic in the amniote spinal cord [8,16,34]. Therefore, to further 

confirm the identify of zebrafish lmx1bb-expressing spinal neurons we performed double-labeling 

experiments. Using Tg(slc17a6:EGFP) embryos in which glutamatergic neurons express EGFP, 

we found that at least 70% of lmx1bb-expressing neurons are glutamatergic (Fig. 1i; Table 2) 

[33,35–37]. In contrast, double in situ hybridization with lmx1bb and slc32a1, which labels all 

spinal cord inhibitory neurons [58,65], revealed that only 10% of lmx1bb neurons are inhibitory 

(Fig. 1j; Table 2). Taken together, these data suggest that zebrafish lmx1bb is predominantly 

expressed in glutamatergic dI5 and V0v neurons. 

lmx1bb is required for glutamatergic neurotransmitter phenotypes but does not repress inhibitory 

neurotransmitter phenotypes 

To investigate the functions of lmx1ba and lmx1bb in the zebrafish spinal cord we used 

mutations in each of these genes (see methods). Since lmx1bb is expressed by more spinal 

interneurons at an earlier developmental time point than lmx1ba, we first examined the function 

of lmx1bb.   

As lmx1bb is expressed predominantly by glutamatergic neurons in the spinal cord, we 

assessed the expression of glutamatergic markers slc17a6a + slc17a6b (a mixture of probes for 

both genes, referred to here as slc17a6; see methods) at 27 h, 36 h, and 48 h [18,34]. At 27 h there 

was no difference in the number of glutamatergic neurons in the spinal cord (Fig. 2a, b and g; 

Table 3). However, at 36 h there was a statistically significant reduction in the number of 
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glutamatergic neurons in lmx1bb mutants when compared to WT siblings (Fig. 2c, d and g; Table 

3). At 48 h the reduction of glutamatergic neurons was even more pronounced (Fig. 2e-g; Table 

3). Taken together, these results suggest that lmx1bb is dispensable for the glutamatergic 

neurotransmitter phenotype at early but not later developmental time points.  

To determine if these neurons switch their neurotransmitter phenotype in the absence of 

lmx1bb we examined several marks of inhibitory cells. We did not detect any significant changes 

in the number of inhibitory neurons expressing slc32a1 at 27 h, 36 h, or 48 h in lmx1bb mutant 

embryos (Fig. 2h-n; Table 3). To further confirm these results, we examined the expression at 48 

h of gad1b + gad2 (a mixture of probes for both genes, referred to here as GADs), which 

specifically label GABAergic neurons [66–68], and slc6a5, which specifically labels glycinergic 

neurons [69–72]. Consistent with the slc32a1 findings, we saw no change in the number of 

GABAergic or glycinergic spinal neurons in lmx1bb mutants when compared to WT siblings (Fig. 

2o-r and u; Table 4). We also examined expression of pax2a, which encodes for a transcription 

factor that is required for the inhibitory neurotransmitter phenotypes of several classes of spinal 

interneurons [7,9,10,13,17]. Consistent with our other results, pax2a expression was unchanged in 

lmx1bb mutants (Fig. 2s-u; Table 4). Taken together, these results suggest that there is no change 

in the number of inhibitory spinal neurons in lmx1bb mutants.  

At least three functional lmx1b alleles are required for spinal cord glutamatergic neurotransmitter 

phenotypes  

As shown above (Fig. 1c-f), lmx1ba and lmx1bb are expressed in potentially overlapping 

domains within the zebrafish spinal cord during the developmental time points that we detected 

neurotransmitter phenotypes in lmx1bb mutants. This suggested that these two ohnologs might 

function redundantly in the spinal cord. Therefore, we examined spinal cord neurotransmitter 

phenotypes in lmx1ba single and lmx1ba;lmx1bb double mutants. 

When we examined lmx1ba single mutants at 48 h, we found that the number of 

glutamatergic neurons were statistically significantly reduced (p<0.001) compared to WT siblings 

(Fig. 3e, e’ and h; Table 5). Interestingly, the number of glutamatergic neurons lost in the lmx1ba 

mutant was almost identical to the number of glutamatergic neurons lost in the lmx1bb mutant 

(p<0.7) (Fig. 3f, f’ and h; Table 5). More surprisingly, we also found that the number of spinal 

cord glutamatergic neurons lost was not increased in lmx1ba;lmx1bb double mutants, but was 
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equivalent to both lmx1ba single mutants (p<0.76) and lmx1bb single mutants (p<0.45) (Fig. 3g, 

g’ and h; Table 5)  

Together, these results suggest that lmx1ba and lmx1bb function partially redundantly in 

the spinal cord and that at least three functional lmx1b alleles are required for correct glutamatergic 

fates in a subset of spinal excitatory cells. To test this, we examined the number of glutamatergic 

spinal neurons in lmx1ba;lmx1bb double heterozygous embryos and both lmx1ba and lmx1bb 

single heterozygous embryos. Consistent with our hypothesis, the reduction in the number of 

glutamatergic neurons in lmx1ba;lmx1bb double heterozygous embryos was also equivalent to 

lmx1ba mutants (p<0.66), lmx1bb mutants (p<0.38) and lmx1ba;lmx1bb double mutants (p<0.78) 

(Fig. 3d, d’ and h; Table 5). However, neither lmx1ba nor lmx1bb single heterozygous embryos 

had a statistically significant reduction in the number of glutamatergic neurons when compared to 

WT siblings (p<0.72 and p<0.3 respectively) (Fig. 3b-c’ and h; Table 5).  

To test the possibility that lmx1ba might compensate for the loss of lmx1bb in the 

repression of inhibitory neurotransmitter phenotypes, we also analyzed the expression of slc32a1 

in lmx1ba;lmx1bb double mutants. However, like the lmx1bb single mutant results, the 

lmx1ba;lmx1bb double mutants had no change (p<0.94) in the number of spinal inhibitory neurons 

(Fig. 3i-k; Table 5). These data suggest that lmx1ba and lmx1bb are not required for the 

specification of inhibitory neurotransmitter phenotypes and that the reduction in spinal cord 

glutamatergic cells in these mutants does not correlate with an increase in inhibitory cells.   

Lmx1b function is not required for spinal cord cell viability during at least the first 72 h of 

development 

To test whether the reduction in glutamatergic neurons might be an indirect consequence 

of increased cell death, we used both acridine orange (AO) and an activated caspase-3 antibody 

[73,74]. As the glutamatergic phenotype is comparable among lmx1ba;lmx1bb double mutants and 

both single mutants, we used lmx1bb single mutants for these and all subsequent experiments.    

AO is a vital dye that labels apoptotic cells in live zebrafish embryos [73,75–78] as 

demonstrated in our positive control, smoothened mutant embryos, where a lot of cells undergo 

apoptosis [73] (Fig. 4a-b’). We performed AO staining in lmx1bb mutants at 36 h, when we first 

observe a reduction in the number of glutamatergic spinal cells, and at 48 h, when the loss of 

glutamatergic spinal cord cells is more pronounced. At both of these time points there were no 
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obvious differences in spinal cord AO staining in any of the live embryos derived from incrossess 

of heterozygous lmx1bb mutants (Fig. 4c-f’). Following imaging and analysis, a subset of embryos 

were genotyped to confirm that we had analyzed both WT and lmx1bb homozygous mutant 

embryos. These analyses demonstrated that there was no apparent correlation between the amount 

of AO staining and embryo genotype. 

To confirm these results, we also assayed cell death using an activated caspase-3 antibody 

that has previously been used to successfully identify dying cells in zebrafish [79–81]. Activated 

caspase-3 immunohistochemistry was performed on embryos at 36 h, which is the first time point 

we detected a reduction of glutamatergic neurons, 48 h, when there is a larger reduction, and 72 h, 

which is 36 hours after we first detected a reduction of glutamatergic neurons. At all of these stages 

we found no significant difference in the number of activated caspase-3 cells when comparing WT 

and lmx1bb mutant embryos (p<0.63 at 36 h; p<0.4 at 48 h; p<0.46 at 72 h; Fig. 4g-k; Table 6). 

Taken together, these AO and activated caspase-3 experiments suggest that there is no increase in 

cell death in lmx1bb mutant spinal cords, at least between 36 h and 72 h.  

V0v and dI5 cells form in normal numbers in lmx1bb mutants 

Since lmx1bb is co-expressed by both lbx1a-expressing dI5 cells and evx-expressing V0v 

neurons (Fig. 1g and h), we examined whether lbx1a or evx1 + evx2 (a mixture of probes for both 

genes, referred to here as evx) expression was altered in lmx1bb mutants. At 48 h there was no 

change in the number of cells expressing lbx1a or evx in lmx1bb mutants compared to WT siblings 

(Fig. 5a-d and g; Table 4). Additionally, there was no change in the number of GFP-labeled V0v 

neurons in lmx1bb mutants crossed into the Tg(evx1:EGFP)SU1 transgenic line when compared to 

WT siblings expressing the transgene (Fig. 5e-g; Table 4). These data suggest that Lmx1bb 

function is not required for either lbx1a or evx expression and also that V0v and dI5 cells form in 

normal numbers in lmx1bb mutants. This is consistent with our previously described apoptosis 

assays which suggest that spinal neurons are not dying in these mutants (Fig. 4). These results also 

suggest that there are no proliferation defects in lmx1bb mutants. Lastly, these findings suggest 

that V0v and dI5 cells are not transfating into different cell types in the absence of Lmx1bb 

function but rather they are just losing their glutamatergic fates.  

lmx1bb is required for the glutamatergic phenotype of at least a subset of V0v interneurons 

As described above (Fig. 1h), we have shown for the first time in any animal that at least a 

subset of V0v neurons express lmx1bb. To test if these cells in particular are affected in lmx1bb 
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mutants we created fish transgenic for both Tg[slc17a6b:loxP-DsRed-loxP-GFP]nns14 and 

Tg(evx1:EGFP)SU1 and heterozygous for the lmx1bb mutation. Embryos from these parents express 

DsRed in glutamatergic neurons and EGFP in V0v neurons [11,33,82,83]. We then quantified 

double-labeled neurons in WT and lmx1bb mutant embryos to determine if the number of 

excitatory V0v neurons was reduced in lmx1bb mutants.   

We analyzed the number of glutamatergic V0v cells at 48 h, 57 h and 7 dpf. At 48 h and 

57 h we did not detect any significant differences between WT and mutant spinal cords, probably 

because the DsRed protein is very stable (data not shown). However, at 7 dpf there was a 

statistically significant reduction in the number of glutamatergic V0v neurons in lmx1bb mutant 

embryos compared to WT siblings (Fig. 6; Table 7). Surprisingly, DsRed was not expressed in all 

wild type V0v neurons as we predicted from previous descriptions of these two transgenic lines 

[11,33]. However, not only was the number of excitatory V0v cells reduced in lmx1bb mutants, 

but the percentage of excitatory V0v neurons was also decreased compared to WT siblings. 42.8% 

of WT V0v neurons were co-labeled with DsRed whereas 23.8% of lmx1bb mutant V0v neurons 

were co-labeled.  

Consistent with our previous results (Fig. 2g and 3h), we also observed a statistically 

significant (p<0.005) reduction in the overall number of glutamatergic, DsRed-labeled neurons in 

lmx1bb mutants when compared to WT siblings at 7 dpf (Fig. 6b” and c; Table 7). The total 

reduction was larger than the specific reduction in V0v cells, suggesting that at least some other 

lmx1b-expressing cells are also losing their excitatory phenotypes. Interestingly, we also observed 

a slight but statistically significant (p<0.002) reduction in the number of V0v (EGFP labeled) 

neurons at 7 dpf in lmx1bb mutants (Fig. 6b’” and c; Table 7). However, this slight reduction in 

the number of GFP-labelled V0v neurons (8.8 cells) was substantially less than the reduction in 

glutamatergic V0v neurons (21.1 cells). Taken together, these results suggest that lmx1bb is 

required to maintain the glutamatergic neurotransmitter phenotype of at least a subset of V0v 

neurons or specify a late forming subset of V0v neurons. 

lmx1ba and lmx1bb expression requires evx1 and evx2  

Evx1 and Evx2 function partially redundantly to specify the glutamatergic neurotransmitter 

phenotype of V0v neurons [11]. As demonstrated above (Fig. 6), lmx1bb is required for the 

glutamatergic neurotransmitter phenotype of at least a subset of V0v neurons and evx1 and evx2 
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spinal cord expression is normal in lmx1bb mutants (Fig. 5c-g), showing that Evx1 and Evx2 do 

not act downstream of Lmx1b in the specification and/or maintenance of the glutamatergic 

phenotype in V0v cells. To determine whether Lmx1b acts downstream of Evx or in a parallel 

pathway we examined lmx1b gene expression in evx1;evx2 double mutants. At 30 h we found that 

there was a statistically significant reduction in the number of lmx1ba (p<0.03) and lmx1bb 

(p<0.001) expressing spinal cord cells in evx1;evx2 double mutants when compared to WT siblings 

(Fig. 7a-e; Table 4). This suggests that these two genes require Evx function for their expression 

in V0v cells and that they are downstream of evx1 and evx2 in these cells (Fig. 7f).  

Discussion 

In this paper we demonstrate that lmx1ba and lmx1bb (zebrafish ohnologs of Lmx1b) are 

both expressed by spinal cord interneurons during development (Fig. 1 and 7). This is consistent 

with a previous report where lmx1bb was shown to be expressed by anterior spinal neurons [24], 

but in contrast, the same report suggested that lmx1ba was not expressed in the zebrafish spinal 

cord [24]. Given that we have only detected very weak spinal cord staining with our in situ 

hybridizations for lmx1ba, despite trying three different RNA in situ probes (see methods), we 

think that the spinal cord staining of lmx1ba was too weak to be easily detected in the earlier study. 

Consistent with results in mouse [16,18,29,34,61,63,64], we demonstrate here that lmx1bb 

is expressed by glutamatergic spinal cord neurons (Fig. 1i). Our results demonstrate that at least 

70% of lmx1bb-expressing neurons are glutamatergic (Fig. 1i; Table 2). In addition, we show that 

only a small percentage of lmx1bb-expressing cells are inhibitory (Table 2). In our hands, we see 

fewer labeled cells with the Tg(slc17a6:EGFP) line than we do with in situ hybridization for 

slc17a6. Therefore, we think that this line does not label all spinal cord glutamatergic cells at the 

stages examined. This suggests that our double-labeling results may be an underestimation and 

that additional, and maybe most, lmx1bb-expressing neurons may be glutamatergic (Table 2, 3).  

Also consistent with results in amniotes [16,18,29,34,61,63,64], our analyses suggest that 

a subset of lmx1b-expressing spinal cord cells are probably dI5 cells. dI5 cells constitute about a 

third of all Lbx1-expressing spinal cord cells and they are also the only excitatory, Lbx1-expressing 

spinal cells [8–10,16]. We find that at least 45% of lmx1bb-expressing spinal cells co-express 

lbx1a and that these co-expressing cells constitute about a third of the lbx1a-expressing cells (Fig. 
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1g; Table 2). Together with the fact that most lmx1bb-expressing cells are glutamatergic, this 

suggests that the cells that co-express lmx1bb and lbx1a are dI5 cells.  

However, in contrast to previous reports in amniotes, we find that a substantial proportion 

of lmx1bb-expressing spinal cells (at least 38%) are V0v neurons (Fig. 1h; Table 2). This is the 

first time that lmx1bb expression has been described in this cell type in any animal. However, a 

small subset of Lmx1b cells are located in the ventral spinal cord of E12.5 mice [34] in a region 

similar to where Evx1, a V0v marker, is expressed [12]. Therefore, it is possible that some mouse 

V0v neurons may also express Lmx1b. Interestingly, at the stages that we examined only a subset 

of zebrafish V0v neurons express lmx1bb (Fig. 1h). This suggests that lmx1bb may be expressed 

by a specific subset of V0v interneurons. Interestingly, Satou and colleagues have shown that V0v 

neurons can be divided into three subsets based on their morphology [33]. Alternatively, it is 

possible that all V0v cells express lmx1bb, but only transiently (so that only a subset is co-labelled 

at any particular time).  

While we were unable to successfully perform double-labeling experiments with lmx1ba 

and lmx1bb, due to very weak staining with our lmx1ba RNA probes, our results suggest that these 

two genes are expressed by the same spinal cord neurons. Firstly, their spinal cord expression 

patterns are very similar, although lmx1ba is expressed later than lmx1bb in most spinal cord 

domains (Fig. 1a-f, 7a and c). Secondly, lmx1ba single mutant, lmx1bb single mutant, 

lmx1ba;lmx1bb double mutant and lmx1bb;lmx1ba double heterozygous embryos all have the 

same spinal cord phenotype (a similar reduction in the number of glutamatergic neurons) 

suggesting that the two ohnologs have at least partially redundant functions, and therefore must be 

co-expressed in at least some cells (Fig. 3). Interestingly, other studies using zebrafish to examine 

lmx1ba and lmx1bb functions in the isthmus, diencephalon and eye have also found that these two 

genes have overlapping expression and function redundantly in those tissues [21,23,24]. Finally, 

in evx1;evx2 double mutants the number of cells expressing either lmx1ba or lmx1bb expression 

is reduced (Fig. 7). Given that evx1 and evx2 are only expressed in V0v neurons in the spinal cord, 

this strongly suggests that both of the lmx1b ohnologs are expressed in V0v cells.  

In this chapter, we demonstrate that lmx1b is likely required to maintain the glutamatergic 

neurotransmitter phenotype of a subset of excitatory spinal cord neurons (Fig. 2 and 3). Prior to 

this study, Lmx1b had been implicated in correct migration, correct neuronal connectivity and 
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neuronal viability [18,61], but no specific role in neurotransmitter fate specification or 

maintenance had been shown in the spinal cord. Interestingly, when Lmx1b was conditionally 

ablated specifically in the mouse spinal cord, at E18.5, there was a reduction in the number of 

glutamatergic neurons and no change in the number of inhibitory neurons, which is reminiscent of 

our results in zebrafish (Fig. 2 and 3) [18]. However, the authors of this study attributed this 

reduction in glutamatergic cells to cell death because of an observed increase in caspase-3 positive 

neurons. Despite this, the authors speculated that Lmx1b may function in the maintenance of the 

neurotransmitter phenotype prior to the death of these cells [18].  

Our results differ from this mouse study because we do not see any evidence of an increase 

in cell death in the spinal cord of zebrafish lmx1bb mutants, at least between 36 h and 72 h, even 

though we see statistically significant reductions in glutamatergic cells at these stages. It is possible 

that the slight reduction in EGFP-labelled V0v cells that we see at 7 dpf might be due to cell death, 

but in this case it is a much later phenotype and potentially a secondary phenotype due to the loss 

of proper neurotransmitter fates. The lack of cell death at earlier stages could possibly be the result 

of different developmental strategies between mouse and zebrafish. In zebrafish embryos, with the 

exception of Rohon Beard cells, there is very little apoptosis in the spinal cord during development 

[84], compared to substantially more programed cell death in the mouse spinal cord [85–87]. It is 

possible that this is due to the fast development and/or smaller size of zebrafish embryos making 

it difficult to utilize a strategy of making and pruning excess neurons. In this case, mice might be 

better equipped to eliminate neurons with incorrect functional characteristics than zebrafish. 

Consistent with this hypothesis, in an earlier study when we removed Pax2 and Pax8 function in 

zebrafish, several subsets of spinal interneurons lost their inhibitory neurotransmitter phenotypes 

but they were still present in normal numbers and had normal morphologies and axonal trajectories 

[7], suggesting that their viability was not affected. Similarly, in zebrafish evx1;evx2 double 

mutants, V0v spinal neurons switch their neurotransmitter phenotypes from excitatory to 

inhibitory but they retain normal axon projections until at least 48 h, again suggesting that their 

viability is not affected [11].  

Regardless of the reason, we do not see any evidence of increased cell death in the spinal 

cord of zebrafish lmx1bb mutants between 36 h and 72 h. Instead, our results suggest that Lmx1b 

is required to maintain the glutamatergic phenotype of a subset of spinal neurons. This would be 
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consistent with Lmx1b function in some other regions of the CNS, specifically the mouse raphe 

nucleus and trigeminal brainstem complex, where Lmx1b is required to maintain specific 

neurotransmitter phenotypes (Xiang et al., 2012a; Zhao et al., 2006 ). However, in the case of the 

raphe nucleus it is a serotonergic phenotype rather than a glutamatergic phenotype that Lmx1b 

maintains. Together these data provide evidence that Lmx1b functions to maintain 

neurotransmitter phenotypes in multiple CNS tissues.  

While these results suggest Lmx1ba and Lmx1bb likely maintains glutamatergic 

neurotransmitter phenotype in at least a subset of spinal neurons we cannot completely rule out 

the possibility that they may specify the glutamatergic phenotype for a subset of later born spinal 

neurons. It is difficult to rule out this possibility because we have not followed lmx1bb-expressing 

neurons to prove maintenance by determine if lmx1bb-expressing neurons that were originally 

glutamatergic lost that phenotype at a later time point. Additionally, the fact that all V0v neurons 

do not lose their glutamatergic neurotransmitter phenotype makes it difficult to distinguish 

between the maintenance and specification possibilities. However, we do not believe Lmx1b 

specifies glutamatergic phenotypes of later born neurons because the number of neurons that 

express DsRed (glutamatergic) in WT and lmx1bb mutant embryos at 57 h (240.6 and 241 cells 

respectively) is equivalent to the number of glutamatergic neurons in WT embryos labeled by in 

situ hybridization at 48 h (246 cells). Since DsRed expression is apparently delayed in the 

Tg[slc17a6b(vglut2a):loxP-DsRed-loxP-GFP]nns14 embryos, we believe the expression at 57 h in 

the transgenic embryos may represent the expression of glutamatergic neurons labeled by situ 

hybridization sometime near 48 h. Furthermore, we know that DsRed expression is stable and 

persists because we do not detect a significant change in the number of DsRed-expressing cells in 

lmx1bb mutants at 48 h and 57 h,  although we do know it is reduced by 7 dpf (Fig. 6). Therefore, 

if Lmx1b is specifying the glutamatergic neurotransmitter phenotype of later born neurons we 

would not expect to see equivalent numbers of DsRed-expressing cells in both WT and lmx1bb 

mutant embryos at 57 h because those cells would have never expressed DsRed. Explicitly, we 

would expect to see a reduction of at about 42 DsRed-expressing cells in lmx1bb mutants at 57 h 

if Lmx1b specifies glutamatergic fates of later born neurons. However, since we do not observe a 

change in the number of DsRed expressing cells in lmx1bb mutants at 57 h and we know DsRed 

expression persists, we believe lmx1bb-expressing cells were correctly specified but they fail to 

maintain the glutamatergic neurotransmitter phenotype for a subset of spinal cord neurons. 
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To test if lmx1bb is specifically required for glutamatergic phenotypes of particular subsets 

of V0v neurons, we investigated whether the percentage of excitatory V0v neurons decreases in 

lmx1bb mutants. We found that there is a statistically significant reduction in the number of co-

labelled glutamatergic V0v cells in lmx1bb mutants at 7dpf. This suggests that the reduction of 

glutamatergic cells is specifically occurring in a population of lmx1bb-expressing cells and further 

confirms that at least most of these cells are not dying even by 7 dpf.  

We were surprised in the experiments that used transgenic lines to label glutamatergic 

neurons that not all V0v neurons were labeled with the slc17a6 transgenic marker, DsRed, in WT 

embryos. This was particularly surprising because previous reports have shown that all V0v cells 

are excitatory and have claimed that the Tg[slc17a6b(vglut2a):loxP-DsRed-loxP-GFP]nns14 line 

labels all excitatory cells [11,33]. However, when we counted the number of DsRed-positive cells 

in this transgenic line and the number of glutamatergic cells labeled by slc17a6 in situ 

hybridization at the same 48 h stage there were fewer DsRed positive cells than slc17a6-positive 

cells (data not shown). This suggests that, at least in our hands, the Tg[slc17a6b(vglut2a):loxP-

DsRed-loxP-GFP]nns14 line does not label all glutamatergic spinal neurons. In contrast, we 

observed the same number of evx-expressing cells by in situ hybridization as GFP-positive cells 

in Tg(evx1:EGFP)SU1 embryos (Fig. 5c-g; Table 4), suggesting that this transgenic line does label 

all V0v cells, even at later stages of development (48 h) as has previously been shown for earlier 

stages [11].  

In addition to showing that lmx1bb is expressed by V0v cells, our results also suggest that 

lmx1ba and lmx1bb expression in these cells requires Evx1 and Evx2 activity. When we examine 

lmx1ba and lmx1bb expression in evx1;evx2 double mutant embryos we see a statistically 

significant reduction in the number of lmx1ba and lmx1bb-expressing neurons (Fig. 7a-e; Table 

4). Excitingly, our previous work has demonstrated that Evx1 and Evx2 function partially 

redundantly to specify the glutamatergic neurotransmitter phenotype of V0v neurons [11]. 

Combined with these earlier results, our new study starts to elucidate a pathway of neurotransmitter 

fate specification and/or maintenance for V0v cells, with Evx1 and Evx2 specifying the 

glutamatergic neurotransmitter phenotype as well as Lmx1ba and Lmx1bb expression. The Lmx1b 

genes then likely function to maintain the glutamatergic neurotransmitter phenotype for at least a 

subset of V0v neurons (Fig. 7f).  
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Interestingly, our results also show that some glutamatergic fates require at least three 

functional lmx1b alleles in zebrafish, but it doesn’t seem to matter which lmx1b alleles these are 

(Fig. 3). This suggests that lmx1ba and lmx1bb are at least partially redundant. Given that lmx1ba 

and lmx1bb are ohnologs that presumably arose in the teleost specific genome duplication event 

[89,90], this requirement for at least three functional lmx1b alleles must have arisen in the teleost 

lineage. Interestingly, in humans, having just one mutant allele of Lmx1b causes the autosomal 

dominant disorder nail-patella syndrome (NPS), suggesting that gene dosage is also important in 

humans [91,92]. Moreover, a quarter of NPS patients experience peripheral neurological 

symptoms which may be the result of improper specification of spinal cord neurons [18,61,93], 

suggesting that our results may have direct relevance to this human disorder.  

During these studies we also discovered that slc32a1, previously believed to be expressed 

by all inhibitory neurons, does not label all inhibitory spinal neurons at 48 h in zebrafish [58,65]. 

At 48 h, slc32a1 expression is restricted to a band of neurons in the middle of the dorsal-ventral 

axis of the spinal cord (Fig. 2l), whereas the GADs (markers of GABAergic cells) are also 

expressed in more ventral regions at this stage (Fig. 2l and o). At 27 h slc32a1 seems to be 

expressed by all inhibitory neurons, as previously reported [58,65]. However, at 36 h slc32a1 

expression starts to be restricted to more dorsal inhibitory populations, although sporadic ventral 

slc32a1-expressing cells are still detected. It is this sporadic ventral slc32a1 expression that likely 

causes the larger variations in the number of slc32a1-expressing cells detected at 36 h when 

compared to 27 h and 48 h (Fig. 2j and k; Table 3).  

Conclusion 

In conclusion, we demonstrate that lmx1ba and lmx1bb are expressed by V0v and dI5 spinal 

interneurons. These genes are required, partially redundantly, in a dose-dependent manner, for the 

glutamatergic neurotransmitter fates of at least a subset of these cells. However, lmx1ba and 

lmx1bb are not required to repress inhibitory neurotransmitter phenotypes as there is no increase 

in inhibitory cells in either lmx1ba or lmx1bb single or double mutants. We also show that lmx1ba 

and lmx1bb required Evx1 and Evx2 for their expression in V0v neurons demonstrating that Evx1 

and Evx2 not only specify but perhaps indirectly, via Lmx1b, maintain the glutamatergic 

neurotransmitter phenotype of at least a subset of V0v neurons. Taken together, our results provide 
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new and powerful insights into the mechanisms that specify and/or maintain neurotransmitter 

phenotypes of spinal cord interneurons.   
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Figures and Legends 

Fig. 1: lmx1b expression in zebrafish spinal cord 

Lateral view of zebrafish spinal cord: 27 h (a and b), 30 h (g, h, i and j), 36 h (c and d) and 48 h (e 

and f). Anterior left, dorsal top. in situ hybridization lmx1ba (a, c and e) and lmx1bb (b, d and f). 

Black dashed line (a-f) is just below ventral limit of spinal cord, floor plate is right above this, in 

the most ventral part of the spinal cord, roof plate is the most dorsal part of the spinal cord. Double 

in situ hybridization lmx1bb (red) and lbx1a (green) in WT embryo, merged view (g) and 

magnified single confocal plane of white dotted box region (g’-g’”). in situ hybridization lmx1bb 

(red) and EGFP immunohistochemistry (green) in Tg(evx1:EGFP)SU1 embryo, merged view (h) 

and magnified single confocal plane of white dotted box region (h’-h’”). in situ hybridization 

lmx1bb (red) and EGFP immunohistochemistry (green) in Tg(slc17a6:EGFP) embryo, merged 

image (i) and magnified single confocal plane of white dotted box region (i’-i’”). White dashed 

line (i) marks the dorsal limit of the spinal cord. Red staining above the dashed line is outside the 

spinal cord. Double in situ hybridization lmx1bb (red) and slc32a1 (green) in WT embryo, merged 

image (j) and magnified single confocal plane of white dotted box region (j’-j’”). In all cases (g-i) 

* indicates co-labeled cell, x indicates single labeled lmx1bb-expressing cell. (k) Three-class 

ANOVA comparison of V0v cells (class 3), trunk cells (class 1) and all post-mitotic neurons (class 

2). p values test hypothesis that there is no differential expression among the 3 classes. Columns 

represent individual microarray experiments. Rows indicate relative expression levels as 

normalized data transformed to a mean of 0 and a standard deviation of +1 (red) to -1 (blue). 

lmx1ba and lmx1bb are expressed by V0v neurons. Positive control evx1 is also expressed by V0v 

neurons. Negative controls eng1b and myod1 are expressed by other neurons (V1 cells) and trunk 

cells respectively. βactin a housekeeping gene is expressed by all populations. Scale bar = 50µm 

(a-f), 70µm (g-j) and 20µm (g’-j’”).  
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Fig. 2: lmx1bb maintains glutamatergic phenotypes but does not repress inhibitory phenotypes 

Lateral view of zebrafish spinal cord at 27 h (a, b, h and i), 36 h (c, d, j and k) and 48 h (e-f’, l, m 

and o-t), anterior left, dorsal top. in situ hybridization for slc17a6a + slc17a6b (slc17a6) (a-f’), 

slc32a1 (h-m), gad1b + gad2 (GAD) (o, p), slc6a5 (q and r) and pax2a (s and t). (e’ and f’) are 

magnified views of black dashed box region in (e and f) respectively. Mean number of cells (y-

axis) expressing markers slc17a6 (g), slc32a1 (n) and GAD, slc6a5 or pax2a at 48 h (u) in spinal 

cord region adjacent to somites 6-10 in WT embryos (white) and lmx1bb mutants (grey) (x-axis). 

Statistically significant (p<0.05) comparisons are indicated with square brackets and stars. Error 

bars indicate standard error of the mean. Number of embryos analyzed and p values are provided 

in tables 3 & 4. Scale bar = 50µm (a-f, h-m and o-t) and 25 µm (e’ and f’).  
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Fig. 3: Three functional lmx1b alleles are required to maintain the glutamatergic phenotype 

Lateral view of zebrafish spinal cord at 48 h (a-g’, i, and j), anterior left, dorsal top. in situ 

hybridization for slc17a6a + slc17a6b (slc17a6) (a-g’) and slc32a1 (i and j). (a’-g’) are magnified 

views of black dashed box regions in panels (a-g). Columns on left indicate lmx1ba and lmx1bb 

genotype. Mean number of cells (y-axis) expressing slc17a6 (h) and slc32a1 (k) in spinal cord 

region adjacent to somites 6-10 at 48 h (x-axis). Square brackets and star in (h) indicates that each 

of the first three columns is statistically significantly different from each of the last four columns 

(p<0.05). Embryo genotype is indicated below graph. Error bars indicate standard error of the 

mean. Number of embryos analyzed and p values are provided in table 5. Scale bar (g) = 50µm (a-

g) and 20µm (a’-g’) and scale bar (j) = 50µm (i, j). 



122 
 

 



123 
 

Fig. 4: No increased apoptosis in lmx1bb mutant between 36 h and 72 h  

Lateral view of zebrafish spinal cord at 27 h (a-b’), 36 h (c-d’ and g-h’) and 48 h (e-f’ and i-j’), 

anterior left, dorsal top. Acridine orange (AO) treatment (a-f’) and activated caspase-3 

immunohistochemistry as anterior-posterior montages (g-j’). Sib. in (a) is a sibling embryo to 

smoothened mutant in (b). (a’-j’) are magnified view of corresponding boxed region. Mean number 

of cells (y-axis) with activated caspase-3 staining in WT embryos (white) and lmx1bb mutants 

(grey) (x-axis) at indicated developmental times. Error bars indicate standard error of the mean. 

Number of embryos and p values are provided in Table 6. Scale bar = 100µm (a-j) and 80µm (a’-

j’). 
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Fig. 5: lmx1bb is expressed by dI5 and V0v neurons which are unaffected in lmx1bb mutants 

Lateral view of zebrafish spinal cord at 48 h (a-f), anterior left, dorsal top. in situ hybridization for 

lbx1a in WT (a) and lmx1bb mutant (b) embryos. in situ hybridization for evx1+evx2 (evx) in WT 

(c) and lmx1bb mutant (d) embryos. Immunohistochemistry for EGFP in Tg(evx1:EGFP) WT (e) 

and lmx1bb mutant (f) embryos. (g) Mean number of cells (y-axis) in WT embryos (white) and 

lmx1bb mutants (grey) expressing lbx1a, evx or Tg(evx1:EGFP) in spinal cord region adjacent to 

somites 6-10 (x-axis), for n numbers and p values see Tables 2 and 4. Error bars indicate standard 

error of the mean. Scale bar = 50µm (a-f) 
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Fig. 6: lmx1bb maintains the glutamatergic neurotransmitter phenotype for at least a subset of 

V0v neurons 

Lateral view of zebrafish spinal cord at 7 dpf (a-b), anterior left, dorsal top. Immunohistochemistry 

for EGFP (green) and DsRed (red) showing merged confocal planes in WT (a) and lmx1bb mutant 

(b) Tg(slc17a6b:loxp-DsRed-loxp-GFP);Tg(evx1:EGFP) embryos. Single magnified confocal 

plane from white dashed box region (a’-a’” and b’-b’”). * indicates co-labeled cell, x indicates 

single labeled EGFP-expressing (V0v) cell. (c) Mean number of cells (y-axis) expressing DsRed 

(glutamatergic), EGFP (V0v) and DsRed + EGFP (co-labeled) (x-axis) in WT (white) and lmx1bb 

mutants (grey). Error bars indicate standard error of the mean, for n number and p value see Table 

7. The glutamatergic and V0v numbers include co-labelled cells. Statistically significant (p<0.05) 

comparisons are indicated with square brackets and stars. Scale bar = 30µm (a,b) and 25µm (a’-

b’”).  
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Fig. 7: Evx1 and Evx2 are required for lmx1b expression 

Lateral view of zebrafish spinal cord at 30 h (a-d), anterior left, dorsal top. in situ hybridization for 

lmx1ba (a, b) and lmx1bb (c, d). Brown pigmentation is from melanocytes. (e) Mean number of 

cells (y-axis) that express lmx1ba and lmx1bb in WT (white) and evx1;evx2 double mutants (grey) 

(x-axis). Error bars indicate standard error of the mean. Statistically significant (p<0.05) 

comparisons are indicated with square brackets and stars, for n number and p value see (Table 4). 

(f) Proposed mechanism for how at least a subset of V0v neurons specify and maintain their 

excitatory (glutamatergic) neurotransmitter phenotype. [11] demonstrated that Evx1 & Evx2 

specifies the excitatory (glutamatergic) neurotransmitter phenotype and represses the inhibitory 

(glycinergic) phenotypes. This study demonstrated that Evx1 & Evx2 are also required for lmx1ba 

and lmx1bb expression. Furthermore, this study shows that Lmx1bb is required to maintain the 

excitatory (glutamatergic) neurotransmitter phenotype for at least a subset of V0v neurons. Scale 

bar = 50µm. 
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Tables and Legends 

Table 1: lmx1ba and lmx1bb are expressed in the zebrafish spinal cord 

Mean number of interneurons (roof and floor plate expression is excluded) expressing lmx1ba 

(columns 2-5) or lmx1bb (columns 6-9) at 27 h, 30 h, 36 h and 48 h in the spinal cord region 

adjacent to somites 6-10. SEM indicates the standard error of the mean for each time point 

analyzed. n is the number of embryos analyzed. 

 

 lmx1ba expressing cells  lmx1bb expressing cells 

 27 h 30 h 36 h 48 h 27 h 30 h 36 h 48 h 

Mean 3.5 8.6 11.8 22.5 31.1 37.6 57 80.4 

SEM 1 1.8 0.5 2.4 1.4 1.7 1.3 1.9 

n 4 5 4 4 11 15 4 5 
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Table 2: Co-expression of other genes with lmx1bb 

Number of cells detected in co-labeling experiments. Mean number of cells that express lmx1bb 

(column 2), or gene being assessed for co-expression (column 3) in the spinal cord region adjacent 

to somites 6-10. Column 4 shows the number of these cells that have co-localized expression. SEM 

values indicates the standard error of the mean for each value. n values are the number of embryos 

counted for each experiment. % values indicates the percentage of lmx1bb-expressing cells that 

have co-localized expression with other genes being assessed (column 2) or the % of cells that 

expressed other genes that have co-localized expression with lmx1bb (column 3). 
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lmx1bb + Tg(slc17a6:EGFP) double labeling experiments 

30 h lmx1bb Tg(slc17a6:EGFP) co-labeled 

Mean 30 105.7 21 

SEM 3 9.7 2.2 

n 7 7 7 

% 70% 20% n/a 

lmx1bb + slc32a1 double labeling experiments 

30 h lmx1bb slc32a1 co-labeled 

Mean 28.3 142.7 3 

SEM 1.2 2.4 0.6 

n 6 6 6 

% 10% 2% n/a 

lmx1bb + Tg(evx1:EGFP) double labeling experiments 

30 h lmx1bb Tg(evx1:EGFP) co-labeled 

Mean 36 70.5 13.5 

SEM 2.1 2.4 1.7 

n 6 6 6 

% 38% 19% n/a 

lmx1bb + lbx1a double labeling experiments 

30 h lmx1bb lbx1a co-labeled 

Mean 29.4 40 13.3 

SEM 1.7 2.7 1 

n 7 7 7 

% 45% 33% n/a 
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Table 3: Lmx1bb maintains excitatory and not inhibitory neurotransmitter phenotypes 

Mean number of slc17a6a + slc17a6b (slc17a6) or slc32a1-expressing cells counted in the spinal 

cord region adjacent to somites 6-10 in 27 h, 36 h and 48 h embryos. SEM is the standard error of 

the mean. n is the number of embryos analyzed for each experiment. p value is from a student’s 

paired t-test comparing WT and lmx1bb mutant embryos. Statistically significant p values are 

indicated in bold. 

 

  27 h 36 h 48 h 

Marker  WT lmx1bb-/- WT lmx1bb-/- WT lmx1bb-/- 

slc17a6 Mean 121.6 127.2 137.2 123.6 211 175 

SEM 5.3 4.1 2.5 2.4 5.5 2.9 

n 10 10 13 17 10 13 

p value 0.411 <0.001 <0.001 

slc32a1 Mean 149.7 148 173.2 169.7 210.5 202 

SEM 2.7 5.8 10.9 17.1 4 10.8 

n 10 6 14 7 12 6 

p value 0.77 0.85 0.48 
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Table 4: Expression of genes in WT and lmx1bb or evx1;evx2 mutant embryos 

Mean number of gad1b + gad2 (GAD), slc6a5, pax2a, lbx1a, evx1 + evx2 (evx), 

Tg(evx1:EGFP)SU1, lmx1ba and lmx1bb-expressing cells expressed in the spinal cord region 

adjacent to somites 6-10 in 30 h or 48 h embryos. SEM is the standard error of the mean. n is the 

number of embryos analyzed for each experiment. p value is from a student’s paired t-test 

comparing WT and lmx1bb mutant embryos. Statistically significant p values are indicated in bold. 
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Marker 48 h WT lmx1bb-/- 

GAD Mean 114.2 109.5 

SEM 1.2 4.5 

n 5 4 

p value 0.54 

slc6a5 Mean 208.3 201.2 

SEM 4.9 6.2 

n 6 6 

p value 0.38 

pax2a Mean 138 140 

SEM 3.4 3.4 

n 7 5 

p value 0.7 

lbx1a Mean 96.5 96.1 

SEM 3.6 2.4 

n 8 8 

p value 0.93 

evx1 + evx2 Mean 90.9 92.1 

SEM 1.9 3.9 

n 10 6 

p value 0.78 

Tg(evx1:EGFP)SU1 Mean 94.9 96.3 

SEM 2.6 0.94 

n 8 8 

p value 0.63 

Marker 30 h WT evx1-/-;evx2-/- 

lmx1ba Mean 8.6 4.8 

SEM 0.81 1.1 

n 5 6 

p value 0.029 

lmx1bb Mean 35.9 19.7 

SEM 6.4 5.3 

n 12 6 

p value <0.001 
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Table 5: Lmx1ba and Lmx1bb redundantly maintain the glutamatergic neurotransmitter 

phenotype in a dose dependent manner 

Mean number of slc17a6a + slc17a6b (slc17a6) or slc32a1-expressing cells detected in the spinal 

cord region adjacent to somites 6-10 in 48 h embryos. SEM is the standard error of the mean. n is 

the number of embryos analyzed for each experiment. p values are from student’s paired t-test. 

Statistically significant p values are indicated in bold. p value 1 is from comparing WT 

(lmx1ba+/+;lmx1bb+/+) embryos pairwise with all other genotypes, p value 2 is from comparing 

lmx1ba+/+;lmx1bb+/- embryos pairwise with all other genotypes, p value 3 is from comparing 

lmx1ba+/-;lmx1bb+/- embryos pairwise with all other genotypes and p value 4 is from comparing 

lmx1ba+/+;lmxbb-/- embryos pairwise with all other genotypes.   
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slc17a6 Mean 246.3 250.2 233.8 196.4 199.4 204.5 193.1 

SEM 7.4 5.9 4.5 5.5 10.4 10 6.2 

n 8 5 4 8 11 9 13 

p value 1 n/a 0.72 0.3 0.001 0.001 0.002 0.001 

p value 2 0.29 0.08 n/a 0.005 0.03 0.05 0.004 

p value 3 0.001 0.001 0.005 n/a 0.66 0.38 0.78 

p value 4 0.003 0.004 0.05 0.38 0.7 n/a 0.45 

slc32a1 Mean 179.8      188.5 

SEM 12.9      14.1 

n 6      6 

p value 1 n/a      0.94 
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Table 6: Activated caspase-3 is not increased in zebrafish lmx1bb mutants during the first 72 h of 

development 

Mean number of activated caspase-3-expressing cells at 36 h, 48 h and 72 h within the entire spinal 

cord. SEM is the standard error of the mean. n is the number of embryos analyzed for each 

experiment. p value is from a student’s paired t-test comparing WT embryos and lmx1bb mutants.  

 

  36 h 48 h 72 h 

Marker  WT lmx1bb-/- WT lmx1bb-/- WT lmx1bb-/- 

Activated 

Caspase-3 

Mean 1.1 1.8 2.8 1.8 0.4 1 

SEM 0.77 0.94 0.95 0.58 0.24 0.68 

n 8 7 6 5 6 5 

p value 0.63 0.4 0.46 

 

 

Table 7: Lmx1b maintains the glutamatergic phenotype in a subset of V0v neurons 

Mean number of cells expressing DsRed, EGFP or both in the spinal cord region adjacent to 

somites 6-10 in 7 dpf embryos. SEM is the standard error of the mean. n is the number of embryos 

analyzed. p value is from a student’s paired t-test comparing WT embryos and lmx1bb mutants. 

Statistically significant values are indicated in bold. 

 

 DsRed (glutamatergic) EGFP (V0v) co-labeled 

 WT lmx1bb-/- WT lmx1bb-/- WT lmx1bb-/- 

Mean 132.6 105.3 100.1 91.3 42.9 21.8 

SEM 5.5 5.2 1.4 2.1 4.9 2.7 

n 9 12 9 12 9 12 

p value 0.005 0.002 <0.001 
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CHAPTER FOUR 
Skor Genes May Function Downstream of Evx1 and Evx2 in the V0v Glutamatergic 

Neurotransmitter Specification Pathway 
 

 

 

 

 

 

 

  

 

 

 

 

[Fig. 4c, f, i and 8e-g] are from Juárez-Morales et al. Neural Development (2016) 11:5 DOI 

10.1186/s13064-016-0059-9 and are used here in line with BioMed Central's Open Data Policy.] 

I performed most of the experiments in this chapter including the skor gene expression and co-localization 

experiments, the skor1 morpholino experiments, the skor CRISPR designs and injections, the skor CRISPR T7 and 

restriction enzyme analyses, some of the skor HRMT analyses and the skor2 tblastn analysis; Christiane Voufu 

performed most of the HRMT analyses under my guidance; Sam England, PhD worked with me to generate the 

skor1a-1, skor1b-1 and skor2-1 CRISPR constructs; Billy Haws and José L. Juárez-Morales, PhD assessed skor 

expression in evx1/2 mutants. Kate Lewis, PhD designed and directed the study.   
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Abstract 

Background 

It is well established that cascades of transcriptional regulators function to specify many 

cell types. In the CNS, a lot of research has been conducted to try and identify genes that specify 

particular neurons and/or particular neuronal characteristics. However, the cascades of 

transcription factors that specify the glutamatergic neurotransmitter phenotypes in the spinal cord 

are not well understood. Work in previous chapters as well as work from others has started to 

identify transcription factors that specify and/or maintain the glutamatergic neurotransmitter 

phenotype for a specific glutamatergic spinal neuron population (V0v cells). In this chapter, I begin 

to address whether additional genes (skor1a, skor1b and skor2) may be functioning in this cell 

specific glutamatergic neurotransmitter specification/maintenance pathway.    

Methods 

In this chapter we use in situ hybridization and transgenic zebrafish to characterize the 

expression of skor1a, skor1b and skor2. Additionally, mutant zebrafish are created and morpholino 

oligonucleotides are used to investigate skor1a, skor1b and skor2 gene function in the spinal cord. 

Results 

The skor family of transcription factor genes are expressed in V0v (glutamatergic) 

interneurons in the zebrafish spinal cord as well as additional, as yet unidentified, cell types. Evx1 

and Evx2, genes exclusive to V0v neurons in the spinal cord, are required for the expression of 

skor1a, skor1b and skor2 in a subset of spinal cord cells, presumably V0v neurons. Additionally, 

in the spinal cord, there is a statistically significant reduction of glutamatergic neurons when 

skor1a and skor1b are knocked-down using antisense morpholinos. Lastly, mutations in skor1a 

and skor1b genes were generated with CRISPR constructs and we attempted to generate a skor2 

mutant. 

Conclusions 

This chapter demonstrates that skor1a, skor1b and skro2 are all expressed in V0v 

interneurons as well as other unidentified neuron population(s) in the zebrafish spinal cord. In V0v 

neurons, all three skor genes are downstream of Evx1 and Evx2, which specify the glutamatergic 

neurotransmitter phenotype of these cells. Excitingly, skor1a and skor1b may be required for the 

glutamatergic neurotransmitter phenotype in the spinal cord suggesting they may function 



151 
 

downstream of Evx1 and Evx2 in the V0v neuron glutamatergic neurotransmitter specification 

cascade.  

Introduction 

As discussed in chapter 1, V0v neurons are excitatory (glutamatergic) commissural 

neurons which reside in the ventral portion of the spinal cord [1,2]. As part of the locomotor 

circuitry, they are required for at least hind limb left-right alterations during fast movements in 

mouse [3,4]. In order to properly function within locomotor circuitry these neurons must acquire 

their glutamatergic neurotransmitter phenotype which, at least in zebrafish, requires Evx1 and 

Evx2 [2]. Specifically, Evx1 and Evx2 function partially redundantly to specify a glutamatergic 

phenotype and repress a glycinergic phenotype in V0v neurons. Since neuronal characteristics, 

particularly the neurotransmitter phenotype, are typically specified by cascades of transcription 

factors, we questioned whether any other transcription factors, that are expressed in V0v as well 

as other glutamatergic populations, may function in a cascade that specifies the glutamatergic 

neurotransmitter phenotype in V0v neurons (discussed in chapter 1).   

In this chapter, we investigate the expression of Skor transcription factors in the zebrafish 

spinal cord and begin testing whether they are required for correct neurotransmitter fate 

specification. Drosophila have one Skor gene, Fuss, while mammals have two Skor paralogs, 

Skor1 and Skor2 [5–7]. Interestingly, zebrafish have two skor1 genes, skor1a and skor1b, 

presumably arising from the extra genome duplication in the teleost lineage, but only one skor2 

gene [8,9] (Table 4). The Skor genes are highly conserved showing 85% amino acid identity in the 

Sno homology domain, a domain shared among the Sno/Ski, Dachsund and Skor subfamilies, when 

comparing Drosophila Fuss and mouse Skor1 and Skor2 [7]. In addition to the high protein 

sequence conservation, neuronal expression of the Skor genes has been conserved from the fly to 

vertebrates [5–7].  

Functionally, in vitro assays (co-immunoprecipitation and luciferase activity) show Skor1 

interacts with Lbx1 to repress transcription [10]. Endogenously, Skor1 is expressed in mouse dI4-

dI5 spinal cord neurons where Lbx1 is also expressed [10–17]. Lbx1 specifies inhibitory 

neurotransmitter phenotypes in the mouse dI4 and dI6 spinal interneurons providing an intriguing 

connection between Skor1 and neurotransmitter phenotype specification [18,19]. Supporting this 

intriguing connection, Skor1 is directly upregulated by both Asch1 and Ptf1a but to a higher degree 
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by Asch1, which is required for establishing glutamatergic neurotransmitter phenotypes in the 

mouse spinal cord, suggesting Skor1 may function in neurotransmitter phenotype specification 

pathway(s) (see chapters 1 and 2 for more details) [20–22]. Also, our work in Chapter 2 identified 

skor1 genes as being expressed higher in glutamatergic (V0v and likely more dorsal) neurons than 

inhibitory (V1, V2b and KA) neurons again, providing support for the idea these genes may specify 

glutamatergic neurotransmitter phenotypes. Nonetheless, a direct role in neurotransmitter 

specification and/or maintenance has not yet been established for the skor genes. 

Here we show that skor1a, skor1b and skor2 are all expressed in V0v as well as other, yet 

unidentified, spinal neurons. The percentage of V0v neurons that express each skor gene is 

equivalent to the percentage of cells lost that express each skor gene in evx1;evx2 double mutants. 

Since Evx1 and Evx2 are expressed only in V0v neurons within the spinal cord, we conclude that 

each skor gene requires Evx1 and Evx2 for its expression in V0v neurons. By using morpholino 

antisense knock-down technologies, we also demonstrate that skor1a and skor1b may be required 

for the glutamatergic neurotransmitter phenotype of a subset of spinal neurons. Furthermore, the 

number of glutamatergic cells lost, via morpholino knock-down, is equivalent to the number of 

skor1-expressing cells lost in the evx1;evx2 double mutant. Together, these results suggest that the 

skor genes require Evx1 and Evx2 for their expressing in V0v neurons and at least skor1a and 

skor1b may function downstream of Evx1 and Evx2 in the V0v neuron glutamatergic 

neurotransmitter phenotype specification pathway/cascade. 

Methods 

Ethics approval 

All zebrafish experiments in this research were approved by the Syracuse University 

IACUC committee. 

Zebrafish husbandry and fish lines 

Zebrafish (Danio rerio) were maintained on a 14-hour light / 10-hour dark cycle at 28.5°C. 

Embryos were obtained from natural paired and/or grouped spawnings of wild-type (WT) (AB, 

TL or AB/TL hybrid) fish or identified heterozygous evx1i232;evx2sa140 fish [2,23] or 

Tg(slc17a6:EGFP) [formerly called Tg(vGlut2a:EGFP)] [1,24–26] or Tg(evx1:EGFP)SU1 [2] 

transgenic fish. Embryos from these fish were reared at 28.5°C and staged by hours post 

fertilization or they were prim staged.  
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CRISPR construct generation 

CRISPR constructs were generated using two different methods. The first method is 

outlined in [27] and was performed by Dr. England and myself. Plasmids for this method (gRNA-

DR274 and Cas9-MLM3613) were purchased from Addgene. I identified the target specific guide 

sequences using ZiFiT targeter software (http://zifit.partners.org/). I chose the target specific guide 

sites to be within the DNA binding domain of skor1a, skor1b or skor2 so that if any of these mutant 

genes were translated their proteins would likely fail to interact with DNA (Fig. 1; Table 1). The 

second method for CRISPR production followed the protocol outlined in [28] and I used this 

method to generate the additional skor2 CRISPR constructs (skor2-2 through skor2-10; Fig. 1; 

Table 1). I used the CHOPCHOP software (http://chopchop.rc.fas.harvard.edu/) to identify target 

specific guide sequences in this case. The guide sequences I chose were either within the DNA 

binding domain or within the c-SKI binding domain (Fig. 1; Table 1). Also, I designed guide 

sequences that could function as pairs with the hope of excising all known functional domains 

within exon one of the skor2 gene (Fig. 1; Table 1).  

Genotyping 

DNA for genotyping was isolated from fin biopsies of anesthetized adult, supernatant of 

homogenized 1-2 day old embryos and dissected heads from fixed embryos. Genotyping of evx1 

and evx2 mutations from fin biopsies and dissected heads were performed by Mr. Haws and Dr. 

Juárez-Morales and has been previously described in [2] (Chapter 3). Embryo homogenates and 

fin biopsies of skor1a, skor1b and skor2 CRISPR injected embryos/fish were genotyped via T7 

endonuclease digestion, restriction enzyme digestion and/or high-resolution melt temperature 

(HRMT) analyses that were performed by Ms. Voufo or me.  

F0 embryos injected with skor1a-1, skor1b-1 and skor2-1 CRISPRs were screened by T7 

endonuclease and restriction enzyme assays. Specifically, skor1a was PCR amplified around the 

CRISPR target site to yield a 215bp product. That product was digested with T7 endonuclease, 

which cut heteroduplex DNA, as described in [29]. Also, the skor1a product was digested with 

BssHII which cut WT DNA into 170bp and 45bp products while DNA mutated at that CRISPR 

site did not cut. Similarly, skor1b was PCR amplified around the CRISPR site to yield a 270bp 

product that was also digested with T7 endonuclease. Again, the skor1b product was digested with 

BssHII which cut WT DNA into 187bp and 83bp products while DNA mutated at that CRISPR 

site remained 270bp. Lastly, skor2 was PCR amplified around the CRISPR site to yield a 164bp 
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product that was digested with T7 endonuclease. Also, the PCR product was digested with BstYI. 

WT DNA was cut into 95bp and 69bp products while DNA mutated at that CRISPR site remained 

164bp. All the primers used for T7 endonuclease and restriction enzyme digestion assays are listed 

in (Table 1).    

F0 adult fin biopsies and all subsequent generations from skor1a and skor1b injected fish 

as well as skor2-2 through skor2-10 CRISPR injected F0 embryos were genotyped via HRMT 

analyses. HRMT relies on the principle that DNA with different compositions will have slightly 

different denaturation temperatures [30]. Therefore, using a BioRad CFX96 real-time PCR 

machine and Precision Melt Analysis software, we detected presumed mutants by identifying 

CRISPR injected embryos that had different DNA denaturation temperatures than un-injected 

control DNA denaturation temperature. Specifically, the machine detected denaturation 

temperatures by identifying the exact temperature at which a fully saturating DNA dye (BioRad, 

1725112) was quenched. The specific primers used to amply DNA for the HRMT analyses are 

listed in (Table 1). The PCR amplification and HRMT analysis program for all the CRISPRs 

analysis was identical to the one in [31]. 

Genome analysis: tblastn & alignments 

I performed a tblastn analysis (May, 2016) to identify any potential skor2 ohnologs in the 

zebrafish genome by using a National Center for Biotechnology Information (NCBI) web applet 

(http://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=tblastn&PAGE_TYPE=BlastSearch&LINK

_LOC=blasthome). Zebrafish Skor1a (ENSDART00000100104), Skor1b 

(ENSDART00000138103) and Skor2 (ENDART00000101289) genome version (GRCz10); 

mouse Skor1(ENSMUST0000055281) and Skor2 (ENSMUST00000166956) genome version 

(GRCm38.p4); and human Skor1 (ENST00000554054) and Skor2 (ENST00000620245) genome 

version (GRCh38.p5) proteins were blasted against the translated zebrafish genome (z10). Also, 

zebrafish skor1a and skor2 c-Ski domains were blasted against the translated zebrafish genome. 

Blast results were then screened for potential skor2 ohnologs. i.e. novel/uncharacterized zebrafish 

proteins that share homology with the various Skor proteins  

Additionally, the Sno homology domain of Zebrafish Skor1a (ENSDART00000100104), 

Skor1b (ENSDART00000138103) and Skor2 (ENDART00000101289); mouse 

Skor1(ENSMUST0000055281) and Skor2 (ENSMUST00000166956); human Skor1 
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(ENST00000554054) and Skor2 (ENST00000620245); and fly Fuss (FBtr0334625) proteins were 

aligned using a Clustal Omega (http://www.ebi.ac.uk/Tools/msa/clustalo/) web applet.  

in situ hybridization 

Embryos were fixed in 4% paraformaldehyde and single and double in situ hybridization 

experiments were performed by Mr. Haws, Dr. Juárez-Morales or me as previously described 

[32,33]. Probes for in situ hybridization experiments were prepared using the following templates: 

slc17a6a /slc17a6b [34,35], slc32a1 [36] and hmx3a [37]. Probes for skor1a, skor1b and skor2 

were generated from cDNA as previously described [2,38]. The primers used to generate skor1a, 

skor1b and skor2 probes are listed in listed in (Table 1) [2]. The probes for all three skor genes 

were targeted to the 3’ UTR to avoid cross reactivity among the family members.   

Gene knock-down with morpholinos 

To knock-down gene function morpholinos designed to block skor1a 

(AGCTGACTGGGTATCGACTCCATTC) and skor1b 

(GCTGATTTGGGATAGATTCCATTCC) translation were purchased from Gene Tools, LLC. I 

co-injected 20ng of the skor1a morpholino and 32ng of the skor1b morpholino (approximately 

4nL) together into one-cell staged WT zebrafish embryos with 0.1-0.3% phenol red (Sigma 

#P0290). Additionally, I co-injected a combination of p53 (20ng) [39], skor1a (20ng) and skor1b 

(30ng) morpholinos (approximately 4nL) with 0.1-0.3% phenol red (Sigma #P0290) into one-cell 

staged WT zebrafish embryos to prevent potential off target apoptosis [39]. I chose these 

concentrations by first identifying the highest concentration of each individual morpholino that 

resulted in fully developed embryos with intact the spinal cord. I next co-injected morpholinos and 

titrated back from their individual max amounts to identify the concentrations that produced the 

aforementioned phenotype. I then used those concentrations (listed above) in the experiments 

discussed within the chapter.    

DAPI staining  

I performed DAPI staining on embryos after in situ hybridization to aid in the identification 

of the lateral line primordium for accurate prim staging (Fig. 2). Embryos were bathed in [1:1000] 

DAPI:PBS + 1% Triton for 10 minutes. Embryos were then washed 2X5 minutes in PBST and 

then imaged.  
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Cell counts and statistics  

Cell counts are for both sides of a five-somite length of the spinal cord adjacent to somites 

6-10. Values are reported as the mean +/- the standard error of the mean. Results were analyzed 

using the student’s t-test. I counted embryos from co-labeling experiments as well as the embryos 

injected with morpholinos. Mr. Haws and Dr. Juárez-Morales counted the skor genes in evx1;evx2 

double mutants. 

Imaging  

Embryos with in situ hybridization staining were mounted in 70% glycerol, 30% PBS and 

differential interference contrast (DIC) pictures were taken using an AxioCam MRc5 camera 

mounted on a Zeiss Axio Imager M1 compound microscope by Mr. Haws, Dr. Juárez-Morales or 

me. DAPI images were captured using epifluorescene on the Zeiss Axio Imager M1 compound 

microscope by me.  A Zeiss LSM 710 confocal microscope was used to image fluorescent in situ 

and antibody experiments that I conducted. Images were processed using Adobe Photoshop 

software (Adobe, Inc), GNU Image Manipulation Program (GIMP 2.6.10, http://gimp.org) and 

Image J software (Abramoff et al., 2004). In some cases, different focal planes were merged to 

show labeled cells at different medial lateral positions in the spinal cord.  

Results 

skor1a, skor1b and skor2 are expressed in V0v and other spinal neurons 

Our work in chapter 2 and [2] identified genes expressed in V0v or V0v and V2a neurons 

through microarray expression profiling. From that work, we identified the skor family of 

transcription factors: skor1a, skor1b and skor2 (Fig. 3; Table 2). However, prior to this work, the 

expression of these genes in zebrafish was unknown. Therefore, we performed in situ hybridization 

experiments to confirm the microarray expression profiles of these genes (Fig. 4).  

At 27 h all three skor genes are expressed in the zebrafish spinal cord. Specifically, skor1a 

is expressed in a salt and pepper pattern in the middle of the dorsal-ventral axis of the spinal cord 

along the entire anterior-posterior axis (Fig. 4a). Similarly, skor1b is expressed in a salt and pepper 

pattern in the middle of the dorsal-ventral axis of the spinal cord along the entire anterior-posterior 

axis (Fig. 4b). Unlike skor1a and skor1b, skor2 is expressed in two distinct rows along the entire 

anterior posterior axis of the spinal cord (Fig. 4c). Specifically, one row is in the middle of the 

dorsal-ventral axis where the two skor1 genes are expressed while the second skor2-expressing 

row is at the dorsal limit of the spinal cord (Fig. 4c).     
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As mentioned above, the microarray expression profiling experiments suggested that these 

genes are expressed in V0v neurons (Fig. 3; Table 2). Furthermore, the in situ hybridization 

expression (Fig. 4a-c) of these genes are in similar positions to genes known to be expressed in 

V0v neurons. Therefore, I conducted double-labeling experiments to verify whether V0v neurons 

do express each skor gene. Specifically, I performed an in situ hybridization for each skor gene 

and immunohistochemistry for EGFP in Tg(evx1:EGFP)SU1 embryos which specifically labels 

V0v neurons with EGFP [2]. From these experiments, I confirmed that V0v neurons express all 

three skor genes. Specifically, 28% of skor1a-expressing neurons are V0v neurons (Fig. 4d; Table 

3), 48% of skor1b-expressing neurons are V0v neurons (Fig. 4e; Table 3) and 97% of skor2-

expressing neurons in the ventral row and (57.5% overall) are V0v neurons (Fig. 4f; Table 3) [2]. 

Together, these results confirm the microarray expression profiles and demonstrate that all three 

skor genes are expressed in at least some but not all V0v (glutamatergic) neurons. 

To further confirm the microarray expression profiling data (Fig. 3; Table 2), I conducted 

double-labeling experiments between each skor gene and EGFP in the Tg(slc17a6:EGFP) line 

which labels glutamatergic neurons. In doing that, I showed that 69% of skor1a-expressing 

neurons are glutamatergic (Fig. 4g; Table 3), 91% of skor1b-expressing neurons are glutamatergic 

(Fig. 4h; Table 3) and 93% of skor2-expressing neurons are glutamatergic (Fig. 4i; Table 3) [2]. 

Together these results demonstrate that the skor genes are predominantly expressed by 

glutamatergic neurons in the spinal cord.      

One skor2 gene in the zebrafish genome 

Because of the extra genome duplication event in the teleost linage, there can often be a 

duplicate gene in the zebrafish genome for every one gene in other vertebrates [8,40–42]. For 

example, there are two skor1 genes (skor1a and skor1b) while humans and mice only have one 

[5–7]. However, only one skor2 gene has been identified in the zebrafish genome. This raised the 

question as to whether another skor2 gene is present in the zebrafish genome but has not yet been 

identified. To address this, I performed a tblastn analysis (see methods). With the exception of 

grapa, which only shares 29% amino acid homology with zebrafish skor2, only known Sno/Ski, 

Dachsund and Skor subfamily members, which contain the Sno homology domain, were identified 

(Table, 4) [43]. In conclusion, these analyses failed to identify a skor2 ohnolog suggesting there is 

only one skor2 gene in zebrafish. 
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skor1a and skor1b may be required for the glutamatergic neurotransmitter phenotype in zebrafish 

spinal cord 

Since I confirmed that all three skor genes are expressed by predominantly glutamatergic 

neurons and these genes are expressed by V0v neurons and potentially other glutamatergic 

neurons, I investigated whether skor1a and skor1b specify glutamatergic neurotransmitter 

phenotypes by using a gene knock-down technology, morpholinos. These experiments were only 

meant to be a preliminary assessment of skor1 gene function. If I identified a phenotype by 

knocking-down skor1a and skor1b I would next generate mutants for each skor gene and then 

analyze their function in more detail using the mutants. In that essence, I only examined the 

functions of the skor1 genes. The skor1 genes were chosen because Skor1 was identified as a direct 

target of genes crucial for the establishment of neurotransmitter phenotypes in the mouse spinal 

cord and so I thought they may be more likely to yield a neurotransmitter phenotype than skor2 

[22].  

As skor1a and skor1b genes are mainly expressed by excitatory neurons (Fig. 4g and h; 

Table 3), I first assessed the number of glutamatergic neurons, by counting cells that expressed 

slc17a6a + slc17a6b (a mixture of probes for both genes, referred to here as slc17a6; see methods), 

in embryos injected with both skor1a and skor1b (referred to here as skor1a/1b) morpholino 

nucleotides and their un-injected siblings. There was a statistically significant reduction in the 

number of slc17a6-expressing neurons in both prim-9 (26 h) and prim-11 (27.5 h) embryos when 

compared to un-injected controls at the same stage (Fig. 5a-c; Table 5). I next assessed the number 

of slc32a1-expressing (inhibitory) neurons to determine whether glutamatergic neurons might 

switch to an inhibitory fate when skor1a and skor1b are knocked-down. I detected no statistically 

significant change in the number of inhibitory neurons suggesting glutamatergic neurons do not 

change their neurotransmitter phenotype in skor1a/1b morphants (Fig. 5d-f; Table 5). However, 

the number of slc32a1-expresisng neurons was slightly reduced in prim-9 morphants. Therefore, 

to further evaluate whether skor1a/1b morpholinos may have caused some non-specific apoptosis, 

a typical phenomenon when using morpholinos [39], I analyzed the expression of hmx3a, which 

labels neurons (dI2 & V1) that I presumed do not express skor1a or skor1b (likely dI4, dI5 and 

V0v) (Cerda & England, unpublished & [10-13]; Appendix III). Interestingly, I detected a 

significant reduction in the number of hmx3a-expressing neurons in prim-9 but not prim-

11embryos (Fig. 5g-I; Table 5). It is important to note that these embryos were from the same 
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experiment suggesting that the prim-9 embryos were more severely affected by the morpholino 

injection. 

Since I observed a reduction in the number of hmx3a-expressing neurons in prim-9 

skor1a/1b morphant embryos, I next performed rescue experiments using a p53 morpholino to 

block non-specific cell death, a common off-target effect observed when using morpholinos [39]. 

This is a common approach used previously by other groups in cases when morpholinos induced 

apoptosis [39,44–48]. The triple knock-down resulted in a rescue of the hmx3a reduction 

phenotype in prim-9 embryos suggesting that the skor1a/1b morpholinos caused some off-target 

apoptosis (Fig. 6a; Table 5).  

I next assessed the number of glutamatergic neurons in triple knock-down (skor1a, skor1b 

and p53) morphants to evaluate whether the reduction of glutamatergic neurons was the result of 

apoptosis. Consistent with the skor1a/1b morphant results, I still detected a significant reduction 

in the number of glutamatergic neurons in both prim-9 and prim-11 in triple knock-down embryos 

but to a lesser degree than in the skor1a/1b morphants (Fig. 6b; Table 5). Interestingly, there was 

an increase of 13 hmx3-expressing cells and an increase of 9 glutamatergic neurons in triple knock-

down embryos at prim-9 when compared to skor1a/1b double knock-down morphants, suggesting 

that the increase in glutamatergic neurons may be due to the rescue of hmx3a-expressing neurons 

compared to when skor1a and skor1b were knocked-down in the absence of the p53 morpholino 

(Table 5). In total, all these results suggest that skor1a and skor1b may be required for the 

glutamatergic neurotransmitter phenotype of a subset of spinal neurons.  

Generating skor mutants   

Because my preliminary results suggest that skor1a and skor1b may be required to specify 

the glutamatergic neurotransmitter phenotype for a subset of spinal neurons, I have begun 

generating zebrafish with mutations in the skor1a, skor1b and skor2 genes with the CRISPR/Cas9 

system (see methods). This approach will hopefully circumvent the presumed off target effect, 

apoptosis and any other off-target effects, allowing us to gain a better understanding of skor gene 

function in the spinal cord.  

The skor1a-1 and skor1b-1 CRISPR constructs produced presumptive mutations in the 

skor1a and skor1b genes, respectively, as assessed by T7 endonuclease and restriction enzyme 
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digestion assays (Fig. 1d and e). These results were bolstered by HRMT analyses of F0 fin 

biopsies, primarily conducted by Ms. Vofou, further suggesting that these constructs created 

mutations. Specifically, these F0 samples had a relative fluorescence that was 0.1 unit different 

than the wild type controls which has previously been shown to correlated with mutant DNA [31]. 

In total, Ms. Vofou found 25% (n=70) of skor1a F0 fish likely had mutations while only 3% 

(n=248) of skor1b F0 fish had a presumptive mutation. Unfortunately, we have been unable to 

recover zebrafish with a mutation in skor2 despite testing 10 different CRISPR constructs targeted 

to several different locations within or around the gene (Fig. 1c, f and I; Table 1).   

Four of the skor1a F0 fish with suggestive HRMT results were outcrossed to produce F1 

generations. From these F1 fish we have identified potentially 12 different alleles. To date, from 

these F1 fish we have recovered and confirmed by sequencing one allele with a 4bp deletion in the 

DNA binding domain (at nucleotide 298) which produces a premature stop codon within that 

domain. We now have F2 fish with this mutation that are ready for further investigation (Fig. 1j; 

7a).  From all the skor1b F0 fish, only one allele was recovered (Fig. 1b). That allele is a one base 

pair deletion (at nucleotide 297) and an eight base pair insertion causing a frameshift mutation in 

the DNA binding domain leading to a premature stop codon after the c-Ski domain (Fig. 1b; 7b). 

We currently have F1 fish with this mutation. We are now at a point in which we can begin 

functionally analyzing skor1a and skor1b in neurotransmitter specification through the use of 

mutant zebrafish.  

skor genes require Evx1 and Evx2 for their expression 

We also examined the possibility that the skor genes function in a pathway that specifies 

the glutamatergic neurotransmitter phenotype in V0v interneurons. We examined this possibility 

because all the skor genes are expressed in at least some V0v interneurons (Fig. 3 and 4d-f; Table 

2). Furthermore, at least skor1a and skor1b seem to be required for the glutamatergic 

neurotransmitter phenotype for a subset of spinal neurons (Fig. 5 and 6; Table 5). To begin 

addressing this question, Mr. Haws and Dr. Juárez-Morales counted the number of skor-expressing 

cells in evx1;evx2 (evx1/2) double mutants. This was done because Evx1 and Evx2 function 

partially redundantly to specify the glutamatergic neurotransmitter phenotype of V0v neurons so, 

if the skor genes also function to do this in V0v neurons, we predicted they may be doing it 

downstream of Evx1 and Evx2 [2].  
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As predicted, Mr. Haws observed reductions in the number of skor1a (p<0.001) and 

skor1b-expressing cells in evx1/2 mutants at 30 h (Fig. 7a-d and g; Table 6; couldn’t do a student 

T test for the skor1b result as only have n=2). Consistent with these results, Dr. Juárez-Morales 

found a statistically significant reduction in the number of skor2-expressing cells in evx1/2 mutants 

at 30 h (Fig. 7e-g; Table 6) [2]. Excitingly, the percentage of skor-expressing cells lost in the evx1/2 

mutants is similar to the percentage of V0v neurons that express each skor gene (Table 2 and 6). 

Taken together, these results demonstrate that all the skor genes likely require evx1 and evx2 for 

their expression in V0v neuros. Combining these results with the skor1a/1b morpholino data, these 

results raise the intriguing possibility that at least skor1a and skor1b may specify the glutamatergic 

phenotype downstream of evx1 and evx2 in V0v neurons.  

Discussion 

In this chapter, I show that all three skor genes are expressed in the zebrafish spinal cord 

(Fig. 3, 4 and 8; Table 2) [2]. These results are consistent with Skor1 and Skor2 expression in 

mammals and Fuss expression in fly which are all expressed in the spinal cord/ventral nerve cord 

[5–7,10]. Moreover, in mouse, Skor1 is expressed by at least inhibitory, dI4 and excitatory, dI5 

neuron populations [10]. Here, I show that zebrafish skor1b and skor2 are predominantly expressed 

by glutamatergic neuron populations, 91% and 93.5% respectively (Fig. 4h-i; Table 3) [2]. 

However, just 69% of skor1a-expressing neurons are glutamatergic (Fig. 4g; Table 3). While I 

cannot confirm whether these non-glutamatergic skor1a-expressing neurons are dI4 inhibitory 

neurons, the mouse results suggest that possibility. However, as discussed in chapter 3, the 

Tg(slc17a;EGFP) line, which was used to identify glutamatergic neurons, does not label all 

glutamatergic neurons so it is quite possible that less than 31% of skor1a-expressing neurons are 

inhibitory. However, having said that, the number of glutamatergic cells labeled by the transgenic 

line co-labeled within the skor genes in the co-expression experiments (Fig. 4g-i; Table 3) were 

similar among those experiments suggesting that the non-glutamatergic skor1a-expressing 

neurons are likely inhibitory or they are in a different glutamatergic population than the skor1b-

expressing cells. In order to discriminate between these possibilities co-localization experiments 

between the skor genes and inhibitory markers will need to be conducted in the future. 

Nevertheless, spinal cord/ventral nerve cord expression of the skor genes has been conserved from 

fly through vertebrates. 
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I also demonstrate that all three skor genes are expressed in V0v (glutamatergic) neurons 

(Fig. 3 and 4d-f; Table 2 and 3) [2]. This is the first time any of these genes have been shown to 

be expressed in V0v neurons. However, in E10.5 mouse spinal cords Mizuhara and colleagues 

label neurons in the ventral spinal cord that express Skor1 in a position consistent with where V0v 

neurons are located [10,50]. They argue that these Skor1-expressing neurons have migrated to the 

ventral V0v-like position from their more dorsal dI4/dI5 positions but they provide no direct 

evidence supporting that claim. Furthermore, at E10.75 the proportion of ventral Skor1-expressing 

neurons appears to be similar to what I observe in zebrafish (Fig. 4; Table 3) [10]. Therefore, it is 

possible that some ventral expression, presumably in V0v neurons, of Skor1 has been conserved 

in the vertebrate lineage.  

As mentioned above, Skor1 is expressed in dI4 and dI5 neurons in the mouse spinal cord 

[51]. In this chapter I do not directly address whether the dorsal spinal cord expression of skor1 

has been conserved in zebrafish. However, it is quite probable that skor1a and skor1b are also 

expressed in one or both of these populations. This is probable because 71% of skor1a-expressing 

and 51% of skor1b-expressing neurons are not V0v suggesting at least one other neuron type must 

express these genes. Furthermore, it is clear that the non-V0v, skor1a-expressing neurons are in 

positions dorsal to the V0v population demonstrating that dI4 or dI5 neurons could express this 

gene (Fig. 4d). Also, 31% of skor1a-expressing neurons did not co-localize with GFP expressing 

cells in Tg(slc17a6:EGFP) embryos suggesting they could be expressed by inhibitory (dI4) 

neurons. Though, as I previously discussed, this may not be the case because the 

Tg(slc17a6:EGFP) line does not label all glutamatergic neurons. Again, co-localization 

experiments between skor1a and inhibitory markers are needed to validate whether skor1a is 

expressed in inhibitory, presumably dI4 neurons. In summary, I do not provide direct evidence 

that the skor1 genes are expressed by dorsal populations but the fact that not all skor1-expressing 

neurons are V0v neurons suggests that some other neurons must express these genes.  

I also do not provide any direct evidence supporting co-localization among the three skor 

gene. However, based on their expression pattern it is possible that these genes may be co-

expressed in at least V0v neurons. Supporting this idea, co-localization experiments between each 

skor gene and EGFP in Tg(evx1:EGFP) embryos and the reduction of each skor gene in evx1/2 

mutants demonstrates that these genes are all expressed in V0v neurons. However, this does not 
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prove that they are expressed by the same V0v neurons at the same time. It is possible that these 

genes could be differentially expressed within V0v neurons either by being expressed at different 

times within V0v neurons or in different V0v subclasses. Also, my data suggests that skor1a may 

be expressed in different neurons than skor1b since it is co-localized with glutamatergic markers 

to a different degree than skor1b. Additionally, it is clear that the dorsal skor2-expressing neurons 

are not the same as any skor1-expresing neurons. Nonetheless, the degree of co-localization among 

the skor genes will need to be addressed in the future in order to adequately understand how these 

genes function in the spinal cord.  

Unlike mouse and humans, zebrafish have two skor1 genes, skor1a and skor1b, which have 

likely arisen from the extra genome duplication event in the teleost lineage [8,40,41,52]. 

Interestingly, I provide evidence that zebrafish have retained only one skor2 ohnolog (Table 4). 

From blasting zebrafish, mouse and human Skor proteins against the translated zebrafish genome, 

with the exception of Grapa, only other known Sno homology domain containing family members 

(Sno/Ski, Dachsund and Skor subfamily members) were identified (Table 4) [43]. Additionally, I 

blasted the c-Ski domain, a hallmark of the Ski/Sno and Skor subgroups but not the Dachund 

subgroup, of zebrafish Skor1a and Skor2 against the translated zebrafish genome. As predicted, 

only other known c-Ski containing proteins and again Grapa were identified. Grapa likely is not 

the missing skor2 gene because it only shares 26 of 92 amino acids within the zebrafish Skor2 c-

Ski domain. Furthermore, Grapa is a GRB2-related adaptor protein with annotated SH2 domains 

but no identified c-Ski domain in the identified “homologous” region. For these reasons, I do not 

believe grapa is the missing skor2 ohnolog. Together, these results suggest that there is only one 

skor2 ohnolog and all the other Sno homology domain containing proteins have likely been 

identified in zebrafish.  

Additionally, these tblastn results support the claim that the Skor proteins have a high 

degree of homology across species [7]. Explicitly, fly Fuss and mouse Skor1 and Skor2 share 85% 

amino acid identity in the Sno homology domain [7]. In this study, I demonstrate that there is a 

77% amino acid identity conservation in the Sno homology domain among human, mouse, fly and 

zebrafish Skor proteins (Fig. 9). Furthermore, this high degree of Skor homology among species 

supports the idea that there is no other skor2 ohnolog because it would have likely been identified 

in my tblastn analysis.  
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Excitingly, we show that all three skor genes require Evx1 and Evx2 for their expression 

presumably in the V0v cells. Furthermore, the percentage of skor1a, skor1b and skor2-expressing 

cells that are V0v neurons is equivalent to the percentage of cells lost that express each skor gene 

in evx1;evx2 double mutants. Together these results strongly suggest that all three skor genes 

require Evx1 and Evx2 for their expression in V0v neurons. However, it should be noted that in 

this chapter I report percentages because the exact number of skor-expressing cells that co-express 

with V0v neurons and the number of skor-expressing cells lost in evx1;evx2 mutants do not exactly 

match between the experiments. This is likely due to the fact that these experiments were not 

conducted by one person but divided among three different people. Therefore, the exact 

experimental conditions and methods used to count cells may have been different. Moreover, 

because the number of cells lost that express each skor gene in the evx1;evx2 mutants does not 

exactly match the number of V0v neurons that express each skor gene and because we do not 

directly identify which population(s) lost skor-expression in the evx1;evx2 mutants, we cannot rule 

out the possibility that skor expression is regulated cell non-autonomously by Evx1 and Evx2. 

Still, these similar percentages are telling and fit the idea that all three skor genes are downstream 

of evx1 and evx2 in a mechanism specific to V0v.   

Importantly, in this chapter I provide the first direct evidence that skor1 may function to 

specify the glutamatergic neurotransmitter phenotype of a subset of spinal cord neurons. When I 

knocked-down skor1a and skor1b together the number of glutamatergic neurons was significantly 

reduced in both prim-9 and prim-11 embryos (Fig. 5; table 5). Also, the number of inhibitory 

neurons was not significantly changed when skor1a and skor1b were knocked-down suggesting 

that the glutamatergic neurotransmitter phenotype had not changed (Fig. 5; Table 5). Furthermore, 

the fact that inhibitory neurons were not significantly changed suggests that these results were 

likely specific to skor1a and skor1b-expressing neurons. Though, it should be noted that these 

were preliminary experiments done only to be used to justify moving forward with generating 

zebrafish with mutations in skor1a, skor1b and skor2. The idea being that, a thorough investigation 

into the function of the skor genes would be done using mutants provided the preliminary results 

warranted further examination. Given the suggestive nature of these results, I have moved forward 

with the generation of zebrafish with mutations in skor1a, skor1b and skor2.  
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Again, I caution that these preliminary results were generated with gene knock-down 

technologies that did not have all the proper control experiments performed. Explicitly, neither the 

efficacy nor the specificity of the skor1a/1b morpholinos was directly assessed. Supporting these 

concerns, I observed some potential skor1a/1b off-target effects. Specifically, hmx3a-expressing 

cells (dI2 and V1) were reduced in skor1a/1b morphants (Fig. 5; Table 5; Cerda & England; 

unpublished). Since skor1-expressing neurons are expressed in V0v and most likely dI4/dI5 

neurons [10], the hmx3a reduction appears to be an off-target effect. Furthermore, there is no 

longer a significant reduction in the number of hmx3a-expressing cells when a p53 morpholino is 

added, which has been demonstrated to block nonspecific apoptosis caused by morpholinos, 

despite there still being a significant reduction in the number of glutamatergic neurons (Fig. 6; 

Table 5) [39]. However, I did not perform co-localization experiments between each skor1 gene 

and hmx3a to rule out the possibility that this reduction was a direct effect of losing skor1 genes 

in either dI2 or V1 cells. Furthermore, if there were non-specific morpholino effects, it does not 

make sense that the number of inhibitory cells was seemingly unchanged when skor1a and skor1b 

were knocked-down (Fig. 5; Table 5). Thus, I reiterate that these are preliminary results and 

additional analyses are required to confirm whether the skor1 genes specify the glutamatergic 

neurotransmitter phenotype.    

To solidify whether these skor genes do function to specify the glutamatergic 

neurotransmitter phenotype and whether they do this downstream of evx1 and evx2, I have 

generated zebrafish with mutations in skor1a and skor1b. In this chapter, I demonstrate that we 

have skor1a mutant fish with an allele containing a 4 base pair deletion causing a premature stop 

in the DNA binding domain (Fig. 1j and 7a). There are potentially more skor1a mutant alleles but 

additional work is need to recover and identify those alleles (Fig. 1g). I also demonstrate that we 

have skor1b mutant fish with an allele that causes a frameshift mutation at nucleic acid 297 that 

affects the DNA binding and c-Ski domains leading to a premature stop codon following the c-Ski 

domain. After screening all the skor1b F1 fish we have only been able to recover this one skor1b 

allele. Unfortunately, I have been unable to generate mutations in skor2 despite trying ten different 

CRISPR constructs targeting different region within and around the gene (Fig. 1c; Table 1). We 

cannot be sure that the skor1a and skorlb mutant alleles that we have found will lead to a complete 

loss of function but we think that this is likely because in both cases he DNA binding domain and 

c-Ski domains are affected. 
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The reason for designing and attempting to generate CRISPR mutants for all three skor 

genes is the concern that they may be able to compensate for one another which would prevent us 

from elucidating their functions using single mutants. There are two reasons why redundancy is a 

concern. One, these genes have very similar protein sequences, as discussed above (Fig. 9). 

Specifically, zebrafish Skor1a, Skor1b, and Skor2 share 88% homology in their DNA binding and 

c-Ski domains (Fig. 9). The second reason we are concerned about redundancy is that these highly 

related genes are potentially co-expressed in some spinal cord cells, as discussed above (Fig. 4). 

Together these facts suggest that the loss of any one of these genes could be compensated by one 

or both of the other skor genes, where they are co-expressed, which would prevent us from 

identifying their functions in the spinal cord. This is why we are attempting to generate zebrafish 

mutants for all three skor genes. As all three genes are on different chromosomes, we should be 

able to combine single mutants to create double and triple mutants.  

My inability to generate a skor2 mutant highlights that the effectiveness of making mutants 

is variable among genes which supports what has already been published [53]. The variability in 

CRISPR effectiveness likely stems from several factors such as: sgRNA site/design, rate of 

homology directed repair (HDR) and targeting specificity [53]. Since I have only used one 

CRISPR to target skor1b it is difficult to assess which one of these factor(s) contributed to the low 

frequency/effectiveness of generating mutations. However, I have tried ten different CRISPR 

constructs for skor2 and none have been successful. This suggests that something intrinsic to the 

skor2 gene may be preventing mutagenesis rather than just poor target site selection and/or poor 

targeting specificity. One hypothesis for why I have been unable to generate skor2 mutants is that 

the chromatin structure around the skor2 gene is unfavorable for CRISPR targeting and function. 

However, all the evidence so far suggests that chromatin structure does not impinge on CRISPR 

effectiveness [54–56]. Alternatively, HDR, which is unfavorable for mutagenesis, may be favored 

at the skor2 gene. However, this would imply that there is something different, besides chromatin 

structure, at the skor2 gene which favors HDR over the more error prone non-homologous end 

joining repair (NHEJ). Regardless of the reason, I have been unable to generate zebrafish with 

mutations in skor2 though I have not been successful at generating mutations in skor1a and skor1b.  
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Conclusions 

In summary, all three skor genes are expressed in the zebrafish spinal cord which is 

consistent with Skor/fuss expression in all other species examined. Furthermore, in zebrafish these 

genes are predominantly expressed in glutamatergic neurons, some of which are V0v neurons. 

Also, preliminary functional analysis suggests that skor1a and skor1b may specify the 

glutamatergic neurotransmitter phenotype of a subset of spinal neurons. Combining these results 

with the fact that all three skor genes require Evx1 and Evx2 for their expression in presumably 

V0v neurons, I predict that at least skor1a and skor1b may function downstream of Evx1 and Evx2 

in the V0v glutamatergic neurotransmitter specification pathway. Lastly, we now have skor1a and 

skor1b mutant zebrafish to begin addressing this question in greater detail.   
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Figures and Legends 

Fig. 1: Assessment of skor CRISPR constructs 

Schematic depicting location of CRISPR target sites for skor1a (a), skor1b (b) and skor2 (c). Grey 

oval signifies the DNA binding domain, the green rectangle signifies the c-Ski domain and the red 

triangles signify the CRISPR target sites. Numbers above the red triangles represent the CRISPR 

construct listed in Table 1. Blue lines below schematic signify exons. (d-f) are electrophoresis gels 

showing T7 endonuclease (top gel) and restriction enzyme digestion products (bottom gel). Lane 

numbers are listed across the top and (L) signifies the lane which received the 2-log NEB 

nucleotide ladder. Numbers next to L lane signify the nucleotide length; .1 = 100 base pairs and .5 

=  500 base pairs. (d) Lanes 1-8 are skor1a-1 CRISPR injected embryo homogenates and lanes 9 

and 10 are un-injected embryo homogenates. (d top) WT samples are 215bp in size, (d bottom) 

BssHII cuts WT DNA into 170 and 45bp products. (e) Lanes 1-7 are skor1b-1 CRISPR injected 

embryo homogenates and lanes 8 and 9 are un-injected embryo homogenates. (e top) WT samples 

are 207bp in size, (e bottom) BssHII cuts WT DNA into 187 and 83bp products. (f) Lanes 1-6 are 

skor2-1 CRISPR injected embryo homogenates and lanes 7 and 8 are un-injected embryo 

homogenates. (d and e) black triangle marks potential T7 endonuclease fragmentation of 

heteroduplex DNA. (d and e) stars mark increases in uncut DNA potentially from a disrupted 

restriction enzyme site. (g-k) HRMT analyses difference graph derived from the normalized data. 

X-axis indicates temperature and Y-axis shows difference between the normalized WT relative 

fluorescence unit (RFU) and each sample’s (RFU). Red lines are WT samples; all other colors 

represent potentially different alleles in CRISPR injected samples. (g-i) are HRMT analyses from 

F0 fin biopsies from fish injected with skor1a-1 (g), skor1b-1 (h) and skor2-1 (i) CRISPR 

constructs. (j) is from F2 embryo homogenates which have the 4bp deletion causing a frame shift 

mutation at amino acid 99 and a premature stop at amino acid 113 in the DNA binding domain; 

blue are homozygous and green/orange are heterozygous embryos which have been confirmed by 

sequencing. (k) is from a F1 fin biopsy showing the 1bp deletion/8bp insertion mutation causing a 

frameshift mutation at amino acid 100 in the DNA binding domain; green is heterozygous which 

has been confirmed by sequencing.  
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Fig. 2: DAPI staining outlines lateral line primordium 

Lateral view of zebrafish spinal cord. Anterior left, dorsal top. (a) DIC image showing in situ 

hybridization. (b) epifluorescent image showing DAPI staining. (c) merge image showing DAPI 

staining overtop DIC image. (c) some somite boundaries and the lateral line primordium leading 

process have been outlined with black lines or dashed black lines respectively to indicate how the 

prim stage was calculated. Scale bar = 50µm.    
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Fig. 3: skor genes are expressed relatively high in V0v neurons 

Heat maps depicting the relative expression levels of skor1a, skor1b and skor2 in V0v, V1, V2a 

and (V2b + KA) neurons from microarray experiments using the Agilent chip #027382. Pure 

neuron samples were isolated from 27 h transgenic zebrafish embryos, Tg(evx1:EGFP)SU1 (V0v); 

Tg(vsx2:LOXP-DsRed-LOXP-GFP);Tg(elavl3:EGFP) (V2a); 

Tg(pax2a:GFP);Tg(Xla.Tubb:DsRed) (V1); and Tg(gata1:GFP);Tg(Xla.Tubb:DsRed) (V2b + 

KAA), via gross dissection and FAC-sorting. Columns represent individual microarray 

experiments. Rows indicated relative expression levels as normalized data transformed to a mean 

of zero and a standard deviation of +1 (highly-expressed, Red) to -1 (weakly/not expressed, Blue) 

sigma units. A two-class eBays comparison of glutamatergic and inhibitory populations was used 

for statistical analysis. Probes for each gene are ranked by their mixing proportion which measures 

their posterior probability which are listed in Table 2. 
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Fig. 4: skor genes are expressed in V0v and other spinal neurons 

Lateral view of zebrafish spinal cord at 27 h (a-f) and 30 h (g-i). Anterior left, dorsal top. in situ 

hybridization for skor1a (a), skor1b (b), and skor2 (c).black dotted lines indicate …. in situ 

hybridization for skor1a (d), skor1b (e) and skor2 (f) (red) and immunohistochemistry (green) in 

Tg(evx1:EGFP) embryos, merged views (d-f) and magnified single confocal planes of white dotted 

box region (below). in situ hybridization skor1a (g), skor1b (h) and skor2 (i) (red) and 

immunohistochemistry (green) in Tg(slc17a6:EGFP) embryos, merged views (g-i) and magnified 

single confocal planes of white dotted region (below). * marks co-localized cell, + marks cell only 

expressing skor gene. Black dashed line marks ventral limit of the spinal cord. Scale bar = 50µm 

(a-i) and 40µm (magnified single confocal planes). 
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Fig. 5: skor1 may be required for the glutamatergic neurotransmitter phenotype   

Lateral view of zebrafish spinal cord at prim-11 (a, b, d, e, g and h). Anterior left, dorsal top. in 

situ hybridization for slc17a6a + slc17a6b (slc17a6) (a and b), slce32a1 (d and e) and hmx3a (g 

and h). (a’, b’, d’, e’, g’ and h’) are magnified views of black box regions in corresponding whole 

mount images. Wildtype (WT) embryos (a, d and g) skor1a + skor1b morpholino injected embryos 

(b, e and h). Mean number of cells (y-axis) expressing markers slc17a6 (c), slc32a1 (f) and hmx3a 

(i) at prim-9 (red) and prim-11 (blue) in spinal cord region adjacent to somites 6-10 in WT embryos 

(WT) and skor1a + skor1b morpholino injected (KD) embryos (x-axis). Statistically significant 

(p<0.05) comparisons are indicated with square brackets and stars. Error bars indicate standard 

error of the mean. Number of embryos analyzed and p values are provided in table 4. Scale bar = 

150µm (a, b, d, e, g and h) and 50µm (a’, b’, d’, e’, g’ and h’).   
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Fig. 6: skor1 morpholinos cause apoptosis 

Mean number of cells (y-axis) expressing hmx3a (a) and slc17a6a + slc17a6b (slc17a6) (b) in 

spinal cord region adjacent to somites 6-10 in wildtype (WT), skor1a + skor1b morpholino injected 

(DK) and p53 + skor1a + skor1b morpholino injected (TK) embryos (x-axis). Prim-9 embryos 

(red) prim-11 (blue) DK experiment (solid) TK experiment (stripe). Statistically significant 

(p<0.05) comparisons are indicated with square brackets and stars. Error bars indicate standard 

error of the mean. Number of embryos analyzed and p values are provided in table 4.  
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Fig. 7: skor1a and skor1b CRISPR mutations 

Sequencing in region targeted by skor1a-1 CRISPR construct (a) and skor1b-1 CRISPR construct 

(b). (a) Wildtype (WT) sequence for skor1a (top) and 4bp mutation sequence causing a premature 

stop at amino acid 113 in the DNA binding domain (below). (b) WT sequence for skor1b (top) and 

1bp deletion and 8bp insertion mutation sequence causing a frameshift mutation at amino acid 100 

in the DNA binding domain (below). Dash lines indicate nucleotides lost, red lower case letters 

indicate inserted nucleotides. Number at beginning of sequence denotes the position of the first 

nucleotide in the figure.   
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Fig. 8: skor genes require Evx1 and Evx2 for their expression 

Lateral view of zebrafish embryo at 30 h (a-f). in situ hybridization for skor1a (a and b), skor1b (c 

and d) and skor2 (e and f). WT embryos (a, c and e) and evx1;evx2 double mutants (b, d and f). 

Scale bar = 50µm. Mean number of cells (y-axis) expressing skor1a, skor1b and skor2 in spinal 

cord region adjacent to somites 6-10 in WT (white) and evx1;evx2 (evx) double mutant (grey) 

embryos at 30 h. Error bars indicate standard error of the mean. Statistically significant (p<0.05) 

comparisons are indicated with square brackets and stars. Number of embryos analyzed and p 

values are provided in table 5.  
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Fig. 9: Alignment of Sno homology domain  

Alignment of the Sno homology domain protein sequences of the fly, mouse, human and zebrafish 

Skor proteins made with Clustal Omega web applet. fuss is fly Skor homolog; mSkor1 and mSkor2 

are mouse Skor homologs; hSkor1 and hSkor2 are human Skor homolog; and zSkor1a, zSkor1b 

and zSkor2 are zebrafish homologs. Stars (*) indicates identical amino acids, periods (.) indicate 

conservation between groups of weakly similar properties - scoring =< 0.5 in the Gonnet PAM 

250 matrix, colons (:) indicates conservation between groups of strongly similar properties - 

scoring > 0.5 in the Gonnet PAM 250 matrix.   
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Tables and Legends 

Table 1: target sites & DNA oligos  

Table of different DNA oligonucleotides used in experiments. CRISPR (rows 2-13) indicate the 

DNA target location used for the various CRISPR constructs listed in column 2. T7/RE-digest 

(rows 14, 15, 18, 19, 22 and 23) indicate PCR primers used to amplify DNA around the restriction 

enzyme sites targeted by various CRISPR constructs. HRMT (rows 16, 17, 20, 21 and 24-43) 

indicate primers used to amplify DNA around various CRISPR target site for high resolution melt 

temperature analysis. ISH probe (rows 44-49) indicate primers used to make in situ hybridization 

probes for skor1a, skor1b and skor2.  

Purpose Name Seqeucne 

CRISPR skor1a-1 GGAGATCCTGAGGCGCGCGG 

CRISPR skor1b-1 GGAGATCCTCAGGCGCGCGG 

CRISPR skor2-1 CCAAGATCCTCACTTAAGCCC 

CRISPR skor2-2 AGTCAGTGGTCTCCTTAGC 

CRISPR skor2-3 TAGCATGGACAAGAGTCTTC 

CRISPR skor2-4 GATGGTACAGCAGTTACAGA 

CRISPR skor2-5 TCTTTATTTTTCAGATTCCC 

CRISPR skor2-6 AGTTCATTTCAGCAGGAGCC 

CRISPR skor2-7 GGCATCACCCGGGGCCCCTG 

CRISPR skor2-8 GGCAGTTAGGAAACGTCAT 

CRISPR skor2-9 CGCAGTTACCCGGTCATTCC 

CRISPR skor2-10 CAAAGACGTTTTTATCCCC 

T7/RE-digest  skor1a-1-Fwd GCCCATCGTCTCTTTGGTAA 

T7/RE-digest  skor1a-1-Rev GTTTGGTGATCATGCCACAG 

HRMT  skor1a-1-Fwd-PMA CGCTTGGAATTACGTGTGTG 

HRMT  skor1a-1-Rev-PMA GTTTGGTGATCATGCCACAG 

T7/RE-digest  skor1b-1-Fwd GCTATAACGAAATCCACAACCG 

T7/RE-digest  skor1b-1-Rev TGTTGTACCTAGCAGGGATGAA 

HRMT  skor1b-1-Fwd-PMA GCTATAACGAAATCCACAACCG 

HRMT  skor1b-1-Rev-PMA GTCTCGAGGAAATGGGCATA 

T7/RE-digest  skor2-1-Fwd CTGCCTGGACCAAAAGACAT 

T7/RE-digest  skor2-1-Rev CAGGCATAGCCGTTCTTGAT 

HRMT  skor2-1-Fwd-PMA CTGCCTGGACCAAAAGACAT 

HRMT  skor2-1-Rev-PMA CAGGCATAGCCGTTCTTGAT 

HRMT  skor2-2-Fwd-PMA TTAATGGCAGGCCCACTTTA 

HRMT  skor2-2-Rev-PMA GGGTTGCCATCACAATGTCT 

HRMT  skor2-3-Fwd-PMA TTAATGGCAGGCCCACTTTA 

HRMT  skor2-3-Rev-PMA GGGTTGCCATCACAATGTCT 
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HRMT  skor2-4-Fwd-PMA CCACAGATAACTTTCAGGACCA 

HRMT  skor2-4-Rev-PMA TTAATGGCAGGCCCACTTTA 

HRMT  skor2-5-Fwd-PMA CGAGTCACTGGAGACTGGACT 

HRMT  skor2-5-Rev-PMA TGTGTCCCGACTTTTTCTTTT 

HRMT  skor2-6-Fwd-PMA CTGCCTGGACCAAAAGACAT 

HRMT  skor2-6-Rev-PMA CAGGCATAGCCGTTCTTGAT 

HRMT  skor2-7-Fwd-PMA GGGCGCTTTTCTCCTAATTC 

HRMT  skor2-7-Rev-PMA GCCTCACACACTGGCTCTTA 

HRMT  skor2-8-Fwd-PMA GGGCGCTTTTCTCCTAATTC 

HRMT  skor2-8-Rev-PMA GCCTCACACACTGGCTCTTA 

HRMT  skor2-9-Fwd-PMA GACTCCAACAGCCTTTCACC 

HRMT  skor2-9-Rev-PMA GGGCTGGGGAATAGTGAAGT 

HRMT  skor2-10-Fwd-PMA ACAGCCTCTCGGGTCTTCTT 

HRMT  skor2-10-Rev-PMA GGGTTGCAGGTAAGTGGGTA 

ISH probe skor1a-ISH-Fwd CTGTGGCATGATCACCAAAC 

ISH probe skor1a-ISH-Rev AATTAACCCTCACTAAAGGGACACTGGTCTGAACGCAGAAA 

ISH probe skor1b-ISH-Fwd CGAGAGCAGGTCGATAGAGG 

ISH probe skor1b-ISH-Rev AATTAACCCTCACTAAAGGGA GAGGTTTGAAGGTGCAGGTC 

ISH probe skor2-ISH-Fwd CGCAAGACGCTTTTTATCC 
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Table 2: Posterior probabilities for skor genes being differentially expressed in spinal neurons 

from microarray comparing excitatory and inhibitory interneuron populations 

First column lists the three different skor genes. The second column is the mean difference for 

each gene (difference between the mean glutamatergic sigma units and mean inhibitory sigma 

units) from microarrays comparing excitatory and inhibitory interneuron populations and the third 

column is the mixing proportion (which measures the posterior probability) for each probe 

corresponding to that gene. Each gene transcript has eight corresponding probes so each gene will 

have a multiple of eight probes depending on the number of gene transcripts. Data pre-processing 

and normalization was performed by Dr. England using Bioconductor software 

(https://www.bioconductor.org/). Two-class eBayes analyses were performed using GEPAS 

software [24]. All reported statistics were corrected for multiple testing [25]. 

Gene name MeanDiff mixing_proportion 

skor1a 

3.1142500000 1.0000000000 

3.7592500000 1.0000000000 

3.4850000000 1.0000000000 

3.3515000000 1.0000000000 

3.8223750000 1.0000000000 

3.5276250000 1.0000000000 

3.5571250000 1.0000000000 

3.6868750000 1.0000000000 

skor1b 

3.9472500000 1.0000000000 

3.5732500000 1.0000000000 

5.0367500000 1.0000000000 

4.6832500000 1.0000000000 

3.9770000000 1.0000000000 

4.9658750000 1.0000000000 

4.6590000000 1.0000000000 

3.8305000000 1.0000000000 

skor2 

2.1172500000 1.0000000000 

2.2580000000 1.0000000000 

1.9605000000 1.0000000000 

2.7123750000 1.0000000000 

1.8955000000 1.0000000000 

1.9377500000 1.0000000000 

1.9577500000 1.0000000000 

2.0245000000 1.0000000000 
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Table 3: Number of co-localized V0v and glutamatergic neurons with each skor gene 

Number of cells detected in co-labeling experiments. Mean number of cells that express skor1a, 

skor1b or skor2 (column 2), or gene being assessed for co-expression (column 3) in spinal cord 

region adjacent to somites 6-10. Column 4 shows the number of these cells that have co-localized 

expression (these numbers are also included within those in columns 2 and 3). SEM indicates the 

standard error of the mean. n is the number of embryos counted for each experiment. % values 

indicate the percentage of skor-expressing cells that have co-localized expression with the other 

gene being assessed (column 2) or the % of cells that expressed that other genes that have co-

localized expression with the skor gene in question (column 3). * indicates only ventral skor2 

expression is reported.  

 

skor1a + Tg(evx1:EGFP) double labeling experiments 

27 h skor1a Tg(evx1:EGFP) co-labeled 

Mean 33.6 37.6 9.6 

SEM 1.3 2.8 1.3 

n 3 3 3 

% 29 26 n/a 

skor1a + Tg(slc17a6:EGFP) double labeling experiments 

30 h skor1a Tg(slc17a6:EGFP) co-labeled 

Mean 31 93.5 21.5 

SEM 1 1.5 0.5 

n 2 2 2 

% 69 23 n/a 

skor1b + Tg(evx1:EGFP) double labeling experiments 

27 h skor1b Tg(evx1:EGFP) co-labeled 

Mean 50 43.3 24.3 

SEM 1.5 1.2 2.4 

n 3 3 3 

% 49 56 n/a 

skor1b + Tg(slc17a6:EGFP) double labeling experiments 

30 h skor1b Tg(slc17a6:EGFP) co-labeled 

Mean 52.5 89 47.5 

SEM 5.5 5 4.5 

n 3 3 3 

% 91 51 n/a 
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skor2 + Tg(evx1:EGFP) double labeling experiments * 

27 h skor2* Tg(evx1:EGFP) co-labeled* 

Mean 18.8 31.8 17.8 

SEM 0.9 2.6 1.3 

n 4 4 4 

% 97 59 n/a 

skor2 + Tg(evx1:EGFP) double labeling experiments  

27 h skor2 Tg(evx1:EGFP) co-labeled 

Mean 30.9 31.8 17.8 

SEM 3 2.6 1.3 

n 4 4 4 

% 57.5 59 n/a 

skor2 + Tg(slc17a6:EGFP) double labeling experiments 

30 h skor2 Tg(slc17a6:EGFP) co-labeled 

Mean 53.8 80 50.3 

SEM 2.4 5.7 1.9 

n 4 4 4 

% 93.5 63 n/a 
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Table 4: One skor2 gene in zebrafish genome 

Amount of homology between Skor proteins and positive matches from translated zebrafish 

nucleotide database (GRCz10, GRCh38.p5, GRCm38p4; May 2016). First column indicates 

protein or protein fragment blasted against the translated zebrafish genome. zSkor1a, zSkor1b and 

zSkor2 are zebrafish Skor proteins; mSkor1 and mSkor2 are mouse Skor proteins; and hSkor1 and 

hSkor2 are human Skor proteins. Genes returned from blast (column 2) and their corresponding 

percent coverage (column 3), percent identity within coverage area (column 4) and E values, which 

describes the number of hits one can "expect" to see by chance, are reported in corresponding 

rows.  

 

 

 

Gene Blasted 

Gene Returned Query Cover % ID % E value 

zSkor1a 

skor1a 100 99 0.00E+00 

skor1b 100 62 0.00E+00 

skor2 32 81 5.00E-136 

skia 30 33 6.00E-30 

skilb 26 33 6.00E-28 

skib 26 34 1.00E-28 

skila 23 33 2.00E-25 

dacha 14 30 9.00E-07 

dachb 11 31 9.00E-06 

zSkor1a, c-ski domain 

skor1a 100 100 3.00E-62 

skor2 100 87 1.00E-56 

skor1b 100 90 2.00E-56 

skilb 98 35 2.00E-12 

skila 58 41 2.00E-10 

skib 77 38 4.00E-09 

skia 100 32 1.00E-08 

zSkor1b 

skor1b 100 99 0.00E+00 

skor1a 99 60 0.00E+00 

skor2 31 80 4.00E-135 

skib 27 32 1.00E-27 

skia 28 32 4.00E-28 

skilb 27 32 1.00E-27 

skila 24 33 1.00E-24 

dacha 14 30 4.00E-07 

dachb 14 29 2.00E-06 
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zSkor2 

skor2 100 99 0.00E+00 

skor1a 89 85 1.00E-137 

skor1b 85 87 7.00E-136 

skilb 83 32 2.00E-29 

skia 76 33 9.00E-30 

skib 78 33 2.00E-29 

skila 70 33 8.00E-27 

grapa 30 29 4.80E+00 

zSkor2, c-ski  domain  

skor2 100 100 5.00E-85 

skor1a 100 87 4.00E-69 

skor1b 100 85 3.00E-68 

skilb 98 31 3.00E-12 

skila 79 32 1.00E-09 

skib 100 30 1.00E-09 

skia 94 29 7.00E-08 

grapa 63 29 1.80E+00 

mSkor1 

skor1a 95 47 0.00E+00 

skor1b 75 64 9.00E-146 

skor2 25 78 1.00E-131 

skib 20 34 6.00E-28 

skia 20 34 9.00E-28 

skilb 20 33 2.00E-27 

skila 20 31 7.00E-24 

dacha 9 33 2.00E-06 

dachb 9 31 1.00E-05 

mSkor2 

skor2 24 86 1.00E-147 

skor1a 39 85 9.00E-129 

skor1b 36 89 3.00E-127 

skia 20 34 2.00E-28 

skilb 19 34 6.00E-28 

skib 19 33 2.00E-27 

skila 15 35 5.00E-26 

dacha 9 32 5.00E-07 

dachb 9 30 1.00E-05 
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hSkor1 

skor1a 84 50 1.00E-172 

skor1b 77 63 4.00E-142 

skor2 25 78 1.00E-131 

skib 21 34 8.00E-28 

skia 21 34 1.00E-27 

skilb 21 33 3.00E-27 

skila 21 31 8.00E-24 

dacha 9 33 2.00E-06 

dachb 9 31 1.00E-05 

hSkor2 

skor2 24 86 1.00E-147 

skor1a 39 85 1.00E-132 

skor1b 37 89 1.00E-128 

skia 19 33 2.00E-28 

skilb 19 34 8.00E-28 

skib 20 33 3.00E-27 

skia 15 35 8.00E-26 

dacha 9 32 7.00E-07 

dachb 9 30 1.00E-05 
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Table 5: skor1 may be required for the glutamatergic neurotransmitter phenotype of a subset of 

spinal neurons 

Mean number of slc17a6a + slc17a6b (slc17a6), slc32a1 or hmx3a-expressing cells counted in the 

spinal cord region adjacent to somites 6-10 in prim-9 or prim-11 embryos as indicated in table. 

SEM is the standard error of the mean. Sample size is the number of embryos analyzed for each 

experiment. p value is from a student’s paired t-test (TTEST) comparing wildtype (WT) and 

skor1a + skor1b morpholino (skor1a/1b MO) injected or p53 + skor1a + skor1b morpholino 

(skor1a/1b+p53 MO) injected embryos. Number Δ is the difference in cells between WT and 

morpholino injected embryos. Statistically significant p values (<0.05) are indicated in bold.  
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  Marker slc17a6 
sk

o
r1

a/
1
b
 M

O
 

Stage prim-9 26HPF prim-11 27.5HPF 

Genotype WT skor1a/1b MO WT skor1a/1b MO 

Mean 112 82.2 119.5 84.5 

SEM 1.84 9.34 4.53 4.5 

sample size 10 5 6 4 

TTEST 0.00061 0.0008 

number Δ -29.8 -35 

sk
o

r1
a/

1
b
+

p
5
3
 M

O
 Stage prim-9 26HPF prim-11 27.5HPF 

Genotype WT skor1a/1b+p53 MO WT skor1a/1b+p53 MO 

Mean 119.2 99 133.6 117.5 

SEM 1.29 6.3 2.65 1.85 

sample size 5 4 4 4 

TTEST 0.0099 0.0013 

number Δ -20.2 -16.1 

            

  Marker slc32a1 

sk
o

r1
a/

1
b

 M
O

 

Stage prim-9 26HPF prim-11 27.5HPF 

Genotype WT skor1a/1b MO WT skor1a/1b MO 

Mean 154.1 140.8 153.8 151 

SEM 3.46 7.78 4.13 4.6 

sample size 8 5 8 4 

TTEST 0.088 0.69 

number Δ -13.3 -2.8 

            

  Marker hmx3a 

sk
o
r1

a/
1
b
 M

O
 

Stage prim-9 26HPF prim-11 27.5HPF 

Genotype WT skor1a/1b MO WT skor1a/1b MO 

Mean 85.5 57.2 81.9 75.2 

SEM 1.75 4.1 2.05 4.35 

sample size 6 4 10 4 

TTEST 0.05 0.879 

number Δ -28.3 -6.7 

sk
o

r1
a/

1
b
+

p
5
3
 M

O
 Stage prim-9 26HPF prim-11 27.5HPF 

Genotype WT skor1a/1b+p53 MO WT skor1a/1b+p53 MO 

Mean 87 70.8 88.25 74 

SEM 2.83 3.91 5.25 6.98 

sample size 7 6 4 3 

TTEST 0.0059 0.15 

number Δ -16.2 -14.25 
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Table 6: skor genes require Evx1 and Evx2 for their expression 

Mean number of skor1a, skor1b or skor2-expressing cells counted in the spinal cord region 

adjacent to somites 6-10 in 30 h embryos. SEM is the standard error of the mean. n is the number 

of embryos analyzed for each experiment. p value is from a student’s paired t-test comparing 

wildtype (WT) and evx1;evx2 (evx1/2) mutant embryos. % reduction is the percent change between 

WT and evx1;evx2 mutant embryos. Statistically significant p values (p<0.05) are indicated in bold 

Marker skor1a skor1b skor2 

Genotype WT evx1/2 mutant WT evx1/2 mutant WT evx1/2 mutant 

Mean 38.4 26.4 31 13 46.6 22.5 

SEM 1.3 1.7 2.5 0 1.4 0.77 

n 5 5 4 2 6 7 

p value <0.001 n/a <0.001 
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CHAPTER FIVE 
General Conclusions & Future Directions 
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General conclusions 

In this thesis, I have identified 11 transcription factors that appear to be expressed in V0v 

or V0v and other glutamatergic neurons within the zebrafish spinal cord (chapter 2). Of the 11 

transcription factors identified, I mainly focus on three within this thesis: lmx1bb, skor1a and 

skor1b (chapter 3 and 4). In chapter 3, I examine whether lmx1bb and its ohnolog lmx1ba are 

required for spinal cord neurotransmitter specification. By using double mutants, I was able to 

conclude that lmx1ba and lmx1bb are required, in a dose-dependent manner, for the glutamatergic 

neurotransmitter fate in at least a subset of V0v neurons and possibly other lmx1b-expressing cells 

such as dI5 cells. I also examine whether skor1a and skor1b function to specify neurotransmitter 

phenotypes in the spinal cord (chapter 4). In skor1a and skor1b morpholinos injected embryos I 

am able to show that the number of glutamatergic neurons was reduced when compared to 

uninjected siblings. These results suggest that skor1a and skor1b may also be involved in the 

specification of glutamatergic neurotransmitter phenotypes in a subset of spinal cord neurons. The 

details and implications of these experiments have already been discussed in their respective 

chapters. In this chapter, I will provide a discussion pertaining to more general conclusions that 

can be made from this work and how these findings fit into the context of neurotransmitter 

specification in neuronal tissues and more specifically in the spinal cord. I will also discuss 

potential future directions for this study that could address remaining questions pertaining to 

neurotransmitter fate specification in the spinal cord. 

Both presumptive interneurons in the spinal cord and presumptive neurons in various brain 

regions use sets of transcription factors to initiate and send these progenitor cells down the correct 

differentiation pathway. These pathways will yield mature neurons with particular characteristics 

that allow them to integrate and function appropriately within neuronal circuitry [1–20]. Mutations 

in these progenitor domain transcription factors often result in a loss of a specific neuron 

population [1–20]. However, as these progenitor cells begin to differentiate in both the brain and 

spinal cord, they express terminal differentiation genes, some of which specify and/or repress 

specific neuronal characteristics, such as neurotransmitter phenotypes [19,21–42] (Cerda & 

England, unpublished; chapters 3-4). For example, Phox2a, Phox2b and Tlx3 specify 

noradrenergic phenotypes in the locus coeruleus of zebrafish and mice; Nurr1 and Pitx3 specify 

dopaminergic phenotypes in midbrain dopaminergic neurons in zebrafish and mice; Gata3 

specifies serotonergic phenotypes in the raphe nucleus of mice; Pax6 specifies glutamatergic 
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phenotypes in early born neocortex projecting neurons in mice; Ascl1 specifies inhibitory 

neurotransmitter phenotypes in the neocortex of mice; Lbx1, Pax2, Pax8 and Ptf1a specify 

inhibitory neurotransmitter phenotypes in spinal interneurons in zebrafish and mice; and Tlx1, 

Tlx3, Hmx2, Hmx3a, Evx1, Evx2, Lmx1ba and Lmx1bb specify glutamatergic phenotypes in 

spinal interneurons in zebrafish and mice [19,21–42] (Cerda & England, unpublished; chapter 3). 

In summary, cascades of transcription factors that leads to the specification of neurotransmitter 

phenotypes have been conserved among various neural tissues and documented in many species.  

Not only has the strategy of using terminal differentiation transcription factors which 

promote specific neurotransmitter phenotypes been conserved among neuronal tissues, particular 

terminal differentiation transcription factors are re-used to specify explicit neurotransmitter 

phenotypes in several tissues. For example, Ascl1 specifies inhibitory neurotransmitter phenotypes 

in spinal dILA neurons and ventral cortical neurons in the brain [19,35]. Also, my work in 

combination with previous studies reveals that Lmx1b likely maintains glutamatergic 

neurotransmitter phenotypes in multiple neuronal tissues. Explicitly, I show that a subset of spinal 

cord neurons require lmx1b genes for their glutamatergic neurotransmitter phenotypes while Xiang 

and colleagues showed neurons within the trigeminal brainstem complex require Lmx1b to 

maintain their glutamatergic neurotransmitter phenotypes [43] (chapter 3). In addition to 

specifying and/or maintaining the same neurotransmitters, some transcription factors have been 

recycled to specify and/or maintain different neurotransmitter phenotypes in diverse tissues 

[37,38,44,45]. For example, not only is Lmx1b required for glutamatergic neurotransmitter 

phenotypes in the spinal cord and trigeminal brainstem complex, it also maintains serotonergic 

neurotransmitter phenotypes in the raphe nucleus [44]. Similarly, Tlx3 is required for 

glutamatergic neurotransmitter phenotypes in the spinal cord as well as noradrenergic phenotypes 

in the locus coeruleus [37,38,45]. Together, these results demonstrate that some transcription 

factors are used by several neuronal tissues to specify the same and/or different neurotransmitter 

phenotypes.   

Within the spinal cord, Pax2 is used by most inhibitory, spinal interneurons to specify 

GABAergic and/or glycinergic neurotransmitter phenotypes [36,37,39,42]. However, no common 

transcription factor that specifies the glutamatergic neurotransmitter phenotype in the spinal cord 

has been identified. As it stands, we know of at least seven transcription factors that specify 
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glutamatergic neurotransmitter phenotypes but they function in distinct spinal interneuron 

populations [37,38,41] (Cerda & England, unpublished; chapters 3 and 4). In fish, dI2 neurons 

require hmx2 and hmx3a; in mouse dI3, dI5 and dILB neurons require Tlx1 and Tlx3 and; in fish 

V0v neurons require evx1 and evx2 for their glutamatergic neurotransmitter phenotypes [37,38,41] 

(Cerda & England, unpublished). Furthermore, this thesis primarily focuses on several 

transcription factors that likely function downstream of evx1 and evx2 in at least some V0v neurons 

to specify and/or maintain their glutamatergic neurotransmitter phenotypes (Fig. 1). Specifically, 

I argue that lmx1ba and lmx1bb are required for at least a subset of V0v to maintain their 

glutamatergic neurotransmitter phenotype (Chapter 3). Also, preliminary data, presented in this 

thesis, suggests skor1a and skor1b may specify the glutamatergic neurotransmitter phenotype of 

at least a subset of V0v neurons (chapter 4). While lmx1ba, lmx1bb, skor1a and skor1b are 

expressed in additional spinal cord interneuron populations, it is very unlikely they specify and/or 

maintain glutamatergic neurotransmitter phenotype for the majority of spinal cord interneurons. 

Together, these data demonstrate that, unlike most inhibitory spinal cord populations which 

specify their phenotype through Pax2, excitatory spinal cord populations likely use discrete 

pathways to specify and/or maintain their neurotransmitter phenotypes or common glutamatergic 

promoting transcription factors, that potentially may work down-stream of these cell-type specific 

factors, have yet to be identified.     

Most of the transcription factors that specify glutamatergic phenotypes in the spinal cord 

also repress inhibitory neurotransmitter phenotypes. Explicitly, dI2 neurons appear to switch from 

glutamatergic to inhibitory when hmx2 and hmx3a are knocked-down in zebrafish embryos (Cerda 

& England, unpublished). Also in zebrafish embryos, when evx1 and evx2 are mutated V0v 

neurons lose their glutamatergic phenotypes and gain a glycinergic phenotype [41]. In line with 

the previous examples, dI3 and dI5 neurons switch from an excitatory to an inhibitory 

neurotransmitter phenotypes in mouse Tlx1;Tlx3 double mutants [37,38]. Not only is 

neurotransmitter phenotype switching observed when excitatory neurotransmitter promoting 

transcription factors are mutated but some inhibitory promoting transcription factors result in 

increases of excitatory neurons when mutated. For example, when Lbx1 is mutated, dI4 and dI6 

neurons lose their inhibitory neurotransmitter phenotype and instead gain an excitatory 

neurotransmitter phenotype [38,40]. Furthermore, in the absence of Ascl1 or Ptf1a, more 

excitatory, dILB neurons develop at the expense of inhibitory, dILA neurons [18,19,36]. Together 
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these results suggest that neurotransmitter phenotypes are specified through cross-repressive 

mechanisms for many neuron populations in the spinal cord.  

Interestingly, not all neurotransmitter promoting transcription factors also function to 

repress alternative neurotransmitter phenotypes. For example, when the gene functions of Pax2 or 

pax2 in combination with pax8 are lost, in mice and zebrafish respectively, many spinal 

interneurons lose their inhibitory neurotransmitter phenotypes but they do not gain excitatory 

neurotransmitter phenotypes [37,42]. Additionally, in zebrafish lmx1ba;lmx1bb mutants the 

glutamatergic neurotransmitter phenotype is reduced in at least some V0v neurons but no 

corresponding increase in inhibitory markers is observed despite normal numbers of V0v neurons 

developing (chapter 3). However, both Pax2 and Lmx1b genes are downstream of Lbx1 in dI4 and 

dI6 neurons and Evx1 and Evx2 in V0v neurons, respectively, which do function to repress 

neurotransmitter phenotypes [36] (chapter 3). Therefore, these neurons (dI4, dI6 and V0v) do 

require repression of alternative neurotransmitter phenotypes despite the fact that Pax2 and Lmx1b 

do not function to repress neurotransmitter phenotypes. Therefore, these results continue to support 

the idea that neurotransmitter phenotypes are specified through cross-repressive mechanisms for 

many neuron populations in the spinal cord although the downstream pathways that, in some cases, 

specify particular neurotransmitter phenotypes can be different to the pathways which represses 

alternative neurotransmitter phenotypes.  

As just described, in some instances, when neurotransmitter promoting transcription 

factors are mutated, cells expressing explicit neurotransmitter phenotype markers are lost without 

a corresponding gain in number of cells expressing another neurotransmitter markers [37,42,47] 

(chapter 3 and 4). However, these results do not appear to be the consequence of neurons dying, 

at least in zebrafish. For example, when pax2a, pax2b and pax8 are simultaneously knocked-

out/down, V1 neurons still differentiate but they do not become glycinergic, GABAergic, 

glutamatergic or cholinergic [42]. Similarly, in zebrafish lmx1bb mutants the number of 

glutamatergic cells is reduced without an increase in the number of GABAergic or glycinergic 

cells or an increase in apoptosis suggesting presumptive glutamatergic neurons exist without any 

apparent neurotransmitter phenotype (chapter 3). Interestingly, mouse Pax2 mutants also lose cells 

expressing inhibitory neurotransmitter phenotype markers with no apparent gain in the number of 

cells expressing glutamatergic neurotransmitter phenotype markers [37]. However, cell death was 
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never examined so we cannot exclude the possibility that presumptive inhibitory neurons die in 

the dorsal spinal cord of mouse Pax2 mutants [36,37]. Nevertheless, these studies suggest that 

neurons can survive without an apparent neurotransmitter phenotype in at least zebrafish.  

The fact that neurons exists without neurotransmitter phenotypes in at least zebrafish may 

initially be surprising. Specifically, it is puzzling why neurons with no apparent neurotransmitter 

phenotype are not pruned. As discussed in chapter 3, the zebrafish spinal cord uses very little 

programed cell death during the development of the spinal cord compared to mouse  [48–50]. This 

may be because zebrafish develop so quickly and are much smaller making it difficult to utilize a 

strategy of making and pruning excess neurons. In this case, zebrafish may not be well equipped 

to eliminate neurons with incorrect functional characteristics which may be why neurons can exist 

without an apparent neurotransmitter phenotype [42] (chapter 3). Even if zebrafish are less capable 

of pruning neurons with incorrect neurotransmitter phenotypes, it is still surprising that neurons 

can exist without an apparent neurotransmitter phenotype and that they are not respecified given 

neuronal activity can homeostatically adjust neurotransmitter fates in the spinal cord [51,52]. For 

example, recent wok has demonstrated that extrinsic factors, such as calcium spiking activity, 

coalesce with transcription factors to modify neurotransmitter phenotypes [53,54]. However, if the 

extrinsic factor(s) which modify neurotransmitter phenotypes are integrated into pathways 

upstream of neurotransmitter phenotype promoting transcription factors then there should be no 

expectation of neurotransmitter phenotype respecification by extrinsic factors when those 

transcription factors are mutated. For example, Lmx1b or its upstream regulators appears to be one 

of those merge points, at least in the frog raphe nucleus, for an extrinsic factor (calcium spiking 

activity) [54]. For that reason, it is probable that Lmx1b or its upstream regulators is one of those 

merge points in the spinal cord which may explain why I do not observe neurotransmitter 

respecification in the spinal cord of lmx1ba;lmx1bb mutants. Similarly, the pax genes may also be 

downstream in the pathway at the point where extrinsic factors are integrated potentially 

explaining why inhibitory neurons are not respecified in pax2a/2b/8 zebrafish mutant/morphants 

[42]. For these reasons, it should not be all that surprising that neurons can exist without apparent 

neurotransmitter phenotypes in the spinal cord of at least zebrafish.  

The work presented in this thesis also adds to the growing number of studies which report 

that the 14 cardinal interneuron populations in the spinal cord are not as uniform as once thought 
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[42,55–57]. In the mouse spinal cord there appear to be molecularly distinct subsets of V0v 

neurons which are differentially distributed among the brachial, thoracic and lumbar levels [57]. 

My work in chapters 3 and 4 supports the idea of molecularly distinct subsets of V0v neurons. 

Explicitly, I only detect subsets of V0v neurons which express lmx1bb, skor1a, skor1b and/or 

skor2 (chapter 3-4). However, it cannot be ruled out that these genes are expressed by all V0v 

neurons but their expression is temporally dynamic in such a way that only a subset of V0v neurons 

express these genes at any one time (discussed further in chapter 3). As mentioned in several earlier 

chapters, V0v neurons can also be subdivided into three morphologically distinct populations, at 

least in zebrafish [56]. Together these findings demonstrate that V0v neurons can be further 

subdivided by distinct molecular signatures and/or morphological features. 

These findings are not restricted to just V0v neurons, all the remaining ventral interneuron 

populations in the mouse spinal cord can also be subdivided based on the differential expression 

of various genes [55,57–59]. Also like V0v neurons, subsets of the cardinal populations in both 

the ventral and dorsal spinal cord are differentially distributed along the anterior-posterior axis of 

amniotes [57,60]. For example, dI2 neurons can be subdivided into morphologically distinct 

classes in chick and zebrafish and, at least in chick, the various dI2 morphologies correspond to 

particular anterior-posterior positions in the dorsal spinal cord [61] (Appendix III). This anterior-

posterior restricted expression/morphology phenotype is not limited to the spinal cord. Tlx3 is only 

expressed in and required for the noradrenergic neurotransmitter phenotype in anteriorly located 

neurons of the mouse locus coeruleus [45]. Together these findings demonstrate that the 

specification of neurons and their characteristics is even more complicated than previously 

thought. Moreover, these studies highlight that additional cues, such as morphogens or cell-cell 

signals, are required to restrict the expression of these post-mitotic, neuronal characteristic 

promoting transcription factors to specific subsets of neurons and/or specific anterior-posterior 

regions. For example, Notch signaling could be used by these subsets of neurons to restrict 

different sets of transcription factors. This is a strategy already used by some cardinal populations 

to restrict expression of particular genes [19,62–64].  

The high degree of molecular and morphological diversity observed in the cardinal, spinal 

interneuron populations as well as their differential positioning along the spinal cord anterior- 

posterior axis may correlate with the various functions of local spinal cord neuronal circuits. In 
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other words, because different muscle groups are located along the anterior-posterior axis, it is 

probable that the various interneurons have had to diversify in order to accommodate those 

different muscle group and their assorted movements. Addressing which interneuron 

subpopulations participate in the different local circuitry/behaviors will be an interesting topic of 

study in the future.  

Future directions 

As discussed in chapter 4, I have developed skor1a and skor1b zebrafish mutants to verify 

the glutamatergic neurotransmitter phenotype that I observed when I simultaneously knocked-

down skor1a and skor1b with morpholinos. However, I have not yet been able to test whether the 

skor1a;skor1b mutant zebrafish also have a reduced number of  glutamatergic spinal cells. This 

will need to be performed at a future date. Also, provided these mutants do confirm the morpholino 

results, it will be worth identifying which interneurons require skor1a and/or skor1b for their 

neurotransmitter phenotypes. These experiments will be insightful because I suspect that skor1a 

and skor1b specify glutamatergic phenotypes in at least some V0v neurons and/or additional 

neuron populations given their expression patterns (chapter 1 and 4). Since I have demonstrated 

that lmx1ba and lmx1bb may only be required for a subset of V0v neurons to specify and/or 

maintain their glutamatergic neurotransmitter phenotype, it will also be insightful to test if these 

genes (lmx1ba, lmx1bb, skor1a and skor1b) function in the same or different V0v neurons and 

where each gene sits in the potential pathway. By understanding these relationships, a pathway or 

pathways which specify and/or maintain V0v glutamatergic neurotransmitter phenotypes can be 

established.  

Additionally, skor2 is expressed in a subset of V0v neurons which is similar to the 

expression of skor1a and skor1b (chapter 4). While I have not yet performed co-localization 

experiments to determine if these genes are expressed in the same V0v cells, it is likely that skor2 

is co-expressed at least with skor1b in some V0v neurons since skor1b and skor2 are both 

expressed in >50% of V0v neurons (chapter 4). For that reason, and because these genes have very 

similar protein sequences, it is possible that skor2 acts at least partially redundantly with skor1a 

and/or skor1b in at least some V0v neurons. Therefore, I have attempted to generate skor2 mutant 

fish to address skor2 function in the spinal cord as well as its position relative to the other genes 

(skor1a, skor1b, lmx1ba and lmx1bb) in a potential V0v neurotransmitter specification pathway. 



207 
 

However, I have been unsuccessful at generating skor2 mutants and so these mutants will need to 

be developed at a future date.  

 In addition to skor1a, skor1b and lmx1bb, I identified eight other transcription factors that 

seem to be expressed in V0v or V0v and other glutamatergic interneuron populations via the 

expression profiling experiments discussed in chapter 2. Of those remaining eight genes, I have 

only attempted to examined one of them, tshz2, to determine if it specifies neurotransmitter 

phenotypes in the spinal cord, which it is still unclear if it does (appendix II). As I discussed in 

appendix II, there are still experiments to be done before we can conclude if tshz2 does or does not 

specify glutamatergic neurotransmitter phenotypes in the spinal cord. Again, these are experiments 

that should be completed at a future data.  Of the remaining seven transcription factors identified 

in chapter 2, three genes (prdm6, unx and zgc:65851) appear to be expressed by V0v or V0v and 

more dorsal neurons in a pattern similar to skor1a, skor1b and lmx1bb. Since these genes have 

similar expression patterns to skor1a, skor1b and lmx1bb it makes them interesting candidates to 

examine as they may potentially function in the V0v glutamatergic neurotransmitter specification 

pathway which I have started to elucidate (Fig. 1). The remaining four transcription factors, arid5b, 

ebf1a, ebf3 and sox12, are also worth functionally investigating because they appear to be 

expressed in at least V0v and V2a interneurons. In addition to potentially functioning in the V0v 

glutamatergic neurotransmitter specification pathway, these genes could potentially function to 

specify the glutamatergic neurotransmitter phenotype in V2a neurons. This would be particularly 

exciting because we do not yet know any transcription factors that specify the glutamatergic 

neurotransmitter phenotype in V2a neurons. 

As I just mentioned, we still do not know which transcription factors specify the 

glutamatergic neurotransmitter phenotype of V2a neurons. This is also true for dI1 and V3 

neurons. Given that we have not yet identified a common transcription factor that specifies 

glutamatergic phenotypes in all/most excitatory spinal cord neurons, I suspect that these 

populations use unique transcription factors to specify their glutamatergic neurotransmitter 

phenotypes. However, future experiments are needed to validate this hypothesis. One way to 

address this is to identify the direct and indirect targets of the known glutamatergic promoting 

transcription factors (Hmx2, Hmx3a, Tlx1, Tlx3, Evx1, Evx2, Lmx1ba, Lmx1bb and potentially 

Skor1a, Skor1b and Skor2). The targets of these transcription factors can be identified through 
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ChIP-Seq and RNA-Seq experiments. Explicitly, ChIP-Seq experiments would need to be 

conducted for each of the transcription factors as well as RNA-Seq analyses of mutants for each 

of the aforementioned transcription factor genes and their wildtype siblings. If these experiments 

returned one or more common targets that are transcription factors, then it would suggest that a 

common glutamatergic promoting transcription factor is shared among the excitatory spinal cord 

interneurons. However, functional analysis would need to be performed to verify these findings. 

Furthermore, these ChIP-Seq and RNA-Seq experiments will show if these glutamatergic 

promoting factors directly or indirectly activate neurotransmitter synthesizing enzymes, 

neurotransmitter vesicular transporters and/or neurotransmitter membrane transporters. If it is 

found that all these transcription factors directly activated glutamatergic synthesizing enzymes, 

glutamatergic vesicular transporters and glutamatergic membrane transporters then it would 

strongly suggest there is no common glutamatergic promoting transcription factor and that these 

transcription factors promote the glutamatergic neurotransmitter directly. Excitingly, our lab is 

already working towards addressing some of these questions by performing ChIP-Seq experiments 

with Hmx2 and Hmx3a and RNA-Seq experiments in WT and hmx2;hmx3a mutant zebrafish 

embryos.  

  Another exciting avenue of study to pursue in the future is deciphering the cellular 

contexts and mechanisms that cause specific transcription factors to specify one neurotransmitter 

phenotype over another. This type of work will be particularly useful for future gene therapy or 

stem cell reprogramming experiments. By understanding the co-factors and mechanisms that 

particular neurotransmitter promoting factors require to specify and/or maintain one 

neurotransmitter phenotype over another will allow scientists to better guide these therapies for 

desired phenotypic outcomes. For example, Lmx1b is required for glutamatergic neurotransmitter 

phenotypes in the trigeminal brainstem complex and the spinal cord but the serotonergic 

neurotransmitter phenotype in the raphe nucleus [43,44] (chapter 3). Therefore, the factors that 

direct Lmx1b to specify glutamatergic phenotypes, for example, will need to be identified if 

scientist desire to push neurons to become glutamatergic rather than serotonergic by expressing 

Lmx1b. Moreover, these types of studies will likely provide direct and impactful information for 

the treatment of diseases and dysfunctions of the central nervous system through future stem cell 

and gene therapy treatments.  
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Figures and Legends 

Fig. 1: Potential V0v gene network that specifies the glutamatergic phenotype 

Proposed mechanism for how a subset of V0v neurons may specify and maintain their excitatory 

(glutamatergic) neurotransmitter phenotype. [41] demonstrated that Evx1 & Evx2 specifies the 

excitatory (glutamatergic) neurotransmitter phenotype and represses the inhibitory (glycinergic) 

phenotypes. Chapter 4 demonstrated that Evx1 & Evx2 are also required for lmx1ba and lmx1bb 

expression and that Lmx1bb is required for excitatory (glutamatergic) neurotransmitter phenotype 

for at least a subset of V0v neurons. Chapter 3 demonstrated that Evx1 & Evx2 are also required 

for skor1a, skor1b and skor2 expression and that Skor1a and Skor1b are probably required for 

excitatory (glutamatergic) neurotransmitter phenotype in a subset of spinal neurons, presumably 

V0v cells. Skor2 has not yet been functionally analyzed which is why there is a question mark 

below it in the glutamatergic fate pathway. Also, the double headed arrow with questions mark 

demonstrates that it is unclear if the lmx1b gene are upstream, downstream or in parallel pathways 

to the skor genes.   
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Appendix I 
in situ Hybridization images from Chapter 2 and Databases 
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Figures and Legends  

Fig. 1: genes expressed in multiple spinal cord neurons 

Lateral views of zebrafish trunk at 27 h (a-i). Anterior left, dorsal top. in situ hybridization of kiaa 

(a), nfyba (b), onecut3 (c), pbx3a (d), rai1 (e), raraa (f), rarab (g). rarga (h), srebf2 (i), zbtb10 (j) 

and zgc:194800 (k). (f) from http://cassandre.ka.fzk.de/ffdb/index.php and (g) from zfin.org. Scale 

bar = approximately 50µm (a-i). 
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Fig. 2: genes not detected in the spinal cord 

Lateral view of zebrafish trunk at 27 h (a-m). Anterior left, dorsal top. in situ hybridization of 

atxn1a (a), atxn1b (b), cica (c), crem (d), hif1aa (e), im:7456494 (f), klhl29 (g), LOC00004939 

(h), phactr3b (i), samd8 (j), skilb (k), znf513 (l) and znf804a (m). Scale bar = 75µm (a-h and j-m) 

and 50µm (i).  
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Fig. 3: genes presumably expressed in glutamatergic spinal neurons 

Lateral view of zebrafish trunk 27 h (a-j). Anterior left, dorsal top. in situ hybridization of arid5b 

(a), ebf1a (b), ebf3 (c), lmx1bb (d), prdm6 (e), skor1a (f), skor1b (g), sox12 (h), tshz2 (i), uncx (j) 

and zgc:65851 (k). Black triangles point to spinal neurons expressing gene (a, e and f). (b) is from 

http://cassandre.ka.fzk.de/ffdb/index.php. Scale bar = 50µm (a and c-m) or 100µm (b).  
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APPENDIX II 
tshz2 Morpholino Knock-Down Experiments 

 

 

 

 

 

 

 

 

 

 

 

 

 

I performed all analysis in this section under the guidance of Kate Lewis, PhD. The tshz2 morpholinos that were used 

in [1] were a kind gift from Dr. Artinger. 
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Background 

 The transcription factor tshz2 was identified in chapter 2 as being differentially expressed 

in the V0v (glutamatergic) neuron population was well as potentially being expressed in more 

dorsal interneurons (chapter 2, fig. 2 and 6). Excitingly, the microarray expression profile and in 

situ hybridization expression of tshz2 matched several other candidate genes identified in chapter 

2 which had been previously implicated in neurotransmitter phenotype specification (chapter 2). 

However, tshz2 had not been previously implicated in neurotransmitter phenotype specification 

which made it an intriguing candidate as I could potentially be the first to ascribe this role to the 

gene.  

 Additionally, morpholinos had been shown to successfully knock-down tshz2 function 

during craniofacial morphogenesis in zebrafish [1]. Explicitly, two different tshz2 morpholios 

(ATG and splice-blocking) yielded the same phenotypes which was a dose-dependent loss of  

neural crest–derived cranial skeleton tissues [1]. Due to technical reasons, a very large intron, the 

authors were not able to demonstrate changes to the tshz2 transcript in splice-blocking morphants, 

nor were the authors able to show loss of protein because there is no commercially available 

antibody. Despite this, I felt confident that these morpholinos could be useful, given they were 

able to phenocopy one another, to test the function of tshz2 in the spinal cord. For that reasons, we 

requested and received the tshz2 morpholinos from Dr. Artinger to test whether tshz2 is required 

for glutamatergic neurotransmitter phenotype specification in the spinal cord.   

Here, I demonstrate that at least a small number of V0v neurons express tshz2. I also show 

that the morpholinos concentrations used to knock-down Tshz2 function seem to cause a non-

specific reduction in the number of glutamatergic and inhibitory neurons in the spinal cord. Due 

to time constraints and other candidate genes becoming a higher priory for this project, I have not 

examined the role of tshz2 any further in the spinal cord.     

Methods 

Zebrafish husbandry and fish lines 

Zebrafish (Danio rerio) were maintained on a 14-hour light / 10-hour dark cycle at 28.5°C. 

Embryos were obtained from natural paired and/or grouped spawnings of wild-type (WT) (AB, 

TL or AB/TL hybrid) fish or Tg(evx1:EGFP)SU1 [2] transgenic fish. Embryos were reared at 

28.5°C and staged by hours post fertilization (h) and/or days post fertilization (dpf).  
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in situ hybridization 

Embryos were fixed in 4% paraformaldehyde and single in situ hybridization experiments 

were performed as previously described [3,4]. To determine neurotransmitter phenotypes, I used 

in situ probes of genes that function as transporters of neurotransmitters or that synthesize specific 

neurotransmitters. A mixture of probes to slc17a6a and slc17a6b, which encode glutamate 

transporters, was used to label glutamatergic neurons [5,6]. To label inhibitory cells we used 

slc32a1, which encodes a vesicular inhibitory amino acid transporter [7]. Additionally, in situ 

hybridization experiments to detect tshz2, as described above, were performed then followed by 

immunohistochemistry experiments to label EGFP in Tg(evx1:EGFP)SU1 embryos as described in 

[2]. The tshz2 probe was described in chapter 2.  

Morpholino injections 

WT embryos were injected with either the ATG or splice-blocking tshz2 morpholion 

provided by Dr. Artinger which were described in [1]. 15, 20 and 25ng of the ATG tshz2 

morpholino was injected and 10, 20 and 30ng of the splice-blocking tshz2 morpholino was injected 

into one cell staged zebrafish embryos along with the phenol red dye. Embryos were grown to 24 

h and fixed using 4% paraformaldehyde. Only embryos injected with 20ng, of the ATG tshz2 

morpholino, which was the highest concentration used in [1], have been analyzed as the higher 

dose had a very pronounced phenotype, likely the result of toxicity from the morpholino.   

Imaging 

Embryos were mounted in 70% glycerol, 30% PBS and differential interference contrast 

(DIC) pictures were taken using an AxioCam MRc5 camera mounted on a Zeiss Axio Imager M1 

compound microscope. The in situ hybridization plus immunohistochemistry embryos were 

imaged on the Zeiss Axio Imager M1 compound microscope using DIC to capture the in situ 

hybridization labeling and epifluorescence to capture the immunohistochemistry labeling. Images 

were processed using Adobe Photoshop software (Adobe, Inc), GNU Image Manipulation 

Program (GIMP 2.6.10, http://gimp.org) and Image J software (Abramoff et al., 2004). In some 

cases, different focal planes were merged to show labeled cells at different medial lateral positions 

in the spinal cord.  
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Cell counts and statistics 

For all experiments, cell counts are for both sides of a five-somite length of the spinal cord 

adjacent to somites 6-10. Values are reported as the mean +/- the standard error of the mean. 

Results were analyzed using the student’s t-test.  

Results 

tshz2 is expressed by at least some V0v neurons 

 To confirm the microarray expression profile data from chapter 2, which suggested that 

tshz2 is expressed by at least V0v neurons, I performed an in situ hybridization plus 

immunohistochemistry experiment. Specifically, I did an in situ hybridization for tshz2 and a 

immunohistochemistry experiment for EGFP in Tg(evx1:EGFP)SU1 embryos. I examined several 

embryos but was only able to quantify the spinal expression of one embryo due to technical 

difficulties (Fig. 1). Mainly, the tshz2 in situ hybridization yielded a lot of background staining 

which masked the EGFP staining making it difficult to visualize and quantify co-localization. 

However, from that embryo, 12% of tshz2-expressing neurons also expressed EGFP.  

Glutamatergic and inhibitory neurons are reduced in tshz2 morphants 

 To determine if tshz2 functions to specify and/or maintain glutamatergic neurotransmitter 

phenotypes in the zebrafish spinal cord, I injected 20ng of the tshz2 morpholino to knock-down its 

function. At 24 h the number of glutamatergic (slc17a6a + slc17a6b-expressing) neurons in 

embryos injected with the ATG tshz2 morpholino were assessed (Fig. 2). An obvious reduction, 

which was 60 cells, was detected in the morpholino injected embryos when compared to uninjected 

control embryos. Since the number of glutamatergic neurons was reduced at 24 h, I next assess 

whether the presumptive glutamatergic neurons switched their neurotransmitter phenotypes and 

became inhibitory (slc32a1-expressing). However, the number of slc32a1-expressing neurons 

were also significantly reduced in tshz2 morphants when compared to un-injected control embryos 

(Fig. 2). In summary, both glutamatergic and inhibitory neurons were reduced in tshz2 morphants.  

Discussion 

 From this preliminary study, I show that at least some V0v (glutamatergic) neurons express 

tshz2. Specifically, I show that 12% of tshz2-expressing neurons are co-localized with EGFP-

expressing (V0v) neurons though this is likely not the correct percentage given I failed to detect 

all the (V0v) EGFP-expressing neurons (Fig. 1). While the data is weak, it is complimentary to the 

results obtained in chapter 2 which suggested that V0v neurons express tshz2. Explicitly, I show 
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that tshz2 is differentially expressed at relatively higher levels in V0v neurons when compared to 

V1, V2b and KA neurons (chapter 2). Furthermore, by in situ hybridization it is clear that tshz2 is 

expressed in a dorsal-ventral position consistent to where V0v neurons are located in the zebrafish 

spinal cord (chapter 2) In total, these results complement one another and show that at least some 

V0v neurons express tshz2.       

 The reason for these subpar co-localization results is because the tshz2 in situ hybridization 

probe is weak. In order to adequately label tshz2 expressing cells I had to overstain the embryos 

which increases the overall non-specific background staining. In turn, the high background 

staining masks the EGFP expression in V0v neurons which is why I detected so few V0v neurons 

in these experiments and in turn may be why I detect so few V0v neurons that express tshz2. 

Therefore, a better tshz2 in situ probe is needed to adequately identify which spinal cord neuron 

populations express tshz2.  

 In these studies, I also demonstrate that the ATG tshz2 morpholino, at least at the 20ng 

concentration, causes a drastic reduction in the number of glutamatergic and inhibitory spinal 

neurons. This could be a specific effect of the tshz2 morpholino however, these results are more 

consistent with the idea that this morpholino causes toxic, non-specific effects. As discussed in 

chapter 4, morpholinos tend to cause non-specific necrosis in neuronal tissues [8]. In line with that, 

I observed necrosis in the head as well as the severe loss of glutamatergic and inhibitory spinal 

neurons. Also, the data from chapter 2 would suggest that tshz2 is expressed by predominantly 

glutamatergic neurons. Therefore, it would be unlikely that the inhibitory neurotransmitter 

phenotype would be reduced as a result of knocking-down tshz2. Furthermore, the number of 

glutamatergic and inhibitory cells lost in the tshz2 morphant appear to be much higher than the 

number of tshz2-expressing cells again suggesting these effect seem to be non-specific. However, 

I cannot completely rule out that tshz2 may potentially function in both excitatory and inhibitory 

neurons through a non-cell autonomous manner. 

 To better understand tshz2 function in the spinal cord further analysis is needed. For 

example, the neurotransmitter phenotypes should be assessed in embryos injected with less tshz2 

ATG morpholino to potentially avoid its likely toxic effects. Alternatively, the neurotransmitter 

phenotypes could be assessed in the embryos injected with the tshz2 splice-blocking morpholino. 

These experiments were not carried out by me because I obtained positive results from other 
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candidate genes identified in chapter 2 and so there was not enough time nor were these 

experiments a high enough priority to finish. However, given we have the reagents and I have 

already injected embryos at lower concentrations with both the ATG and splice-blocking 

morpholinos, it may be worth somebody’s time in the further to complete these analyses.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figures and legends 

Fig. 1: tshz2 is expressed by at least some V0v neurons 

Lateral view of zebrafish spinal cord at 27 h, anterior left, dorsal top. in situ hybridization for tshz2 

(purple) and EGFP immunohistochemistry (green) in Tg(evx1:EGFP)SU1 embryo. (Top) is in situ 

hybridization, (middle) immunohistochemistry and (bottom) merge of single plane image. * 

indicate co-labeled cell and x indicates EGFP only cell. Scale bar = 50µm.     
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Fig. 2: tshz2 morpholinos reduce both glutamatergic and inhibitory neurons 

Lateral view of zebrafish spinal cord at 24 h, anterior left, dorsal top. in situ hybridization for 

(slc17a6a + slc17a6b) slc17a6 (a and b) and slc32a1 (c and d). (a and c) are WT un-injected 

embryos and (b and d) are embryos injected with 20ng of the tshz2 ATG morpholino. Scale bar = 

50µm. (e) Mean number of cells (y-axis) expressing markers slc17a6 or slc32a1 at 24 h in the 

spinal cord region adjacent to somites 6-10 in WT embryos (grey) and tshz2 ATG morpholino 

injected embryos (white) (x-axis). Three embryos were counted for each marker. Statistically 

significant (p<0.05) comparisons are indicated with square brackets and stars. Error bars indicate 

standard error of the mean.  
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APPENDIX III 
 

dI2 Morphology in WT and hmx2 and hmx3 Double Knock-down Zebrafish Embryos 

 

 

 

 

 

 

 

I imaged and performed all the morphology and synapse analyses; I injected RNA and morpholino constructs with 

José L. Juárez-Morales, PhD, José L. Juárez-Morales, PhD and Henry Putz designed and generated the 

TOL2:UAS:synaptophysin-GFP;IRES-tagRFP construct; Sam England, PhD analyzed neurotransmitter phenotypes 

in Tg(hmx3:gal4) embryos; Janice Friedman, PhD performed statistical analysis with input from Kate Lewis, PhD and 

I. Kate Lewis, PhD designed and directed the study. I must acknowledge that the preliminary work from Gustavo 

Cerda-Moya, PhD  and Sam England, PhD identified the hmx2/3a neurotransmitter phenotype and they established 

the hmx2/3a morpholino conditions.  
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Background 

Dr. Cerda and Dr. Hargrave, previous Lewis lab members, attempted to identify 

transcription factors that specify characteristics of V1 interneurons [1]. From that work Dr. Cerda 

successfully showed that two transcription factors, hmx2 and hmx3a, are co-expressed by V1 

interneurons and the more dorsal dI2 interneuron population. More interestingly, Dr. Cerda and 

Dr. England have shown that hmx2 and hmx3a (hmx2/3) are necessary for specifying the 

glutamatergic neurotransmitter phenotype and suppressing inhibitory neurotransmitter phenotypes 

in dI2 spinal neurons (Cerda & England, unpublished). Given these results, I questioned if dI2 

axons project differently or synapse differently when hmx2/3a are knocked-down. 

I predicted that dI2 neurons that have switched their neurotransmitter phenotype, as a result 

of hmx2/3 knock-down, would also change their axon trajectory or their synapse locations in order 

to communicate with neurons receptive to their new inhibitory neurotransmitter phenotype. 

However, there has been very little work done directly linking axon trajectory re-specification with 

neurotransmitter re-specification. In fact, in most reported cases these neuronal attributes are 

changed as a result of a complete neuronal identity change. For example, when Evx1 is knocked-

out in mice, V0v spinal interneurons appear to adopt a V1 interneuron identity because they 

express En1 (a V1 specific marker) rather than the V0v specific transcription factor Evx1. 

Furthermore, they adopt a new ipsilateral (V1 like) axon trajectory [2]. Regardless of whether axon 

trajectory changes are due to an entire neuronal identity change or simply a response to the change 

in neurotransmitter phenotype, I predict that dI2 neurons may adopt a new axon trajectory 

phenotype when hmx2/3a are knocked-down.   

The Hmx (Nkx5) genes are a subclass of the NK homeobox gene family [5]. A previous 

graduate student in the lab, Frida Weierud, showed that hmx2 and hmx3a are adjacent on the same 
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chromosome and that hmx2 has no paralogous gene in zebrafish despite the extra teleost genome 

duplication [6]. However, recent work by Dr. England has shown that there is a paralog to hmx3a, 

hmx3b, which is not expressed in the spinal cord (Cerda & England, unpublished). Hmx2 and 

Hmx3 are co-expressed and function redundantly during the development of the ear, lateral line, 

and hypothalamus of mice and hmx2 and hmx3a are co-expressed and function redundantly in the 

spinal cord of zebrafish [7–9](Lewis et al., unpublished). Before our lab’s work, the precise spinal 

interneuron populations that express these transcription factors and the function of these 

transcription factors in the spinal cord were not known.  

As mentioned above, hmx2/3a are expressed by both dI2 and V1 neurons. This was 

established by first showing that hmx2 and hmx3a are co-expressed and then by showing that 

transcription factors known to be expressed by distinct spinal populations are or are not co-localize 

with hmx3a. Specifically, Dr. Cerda showed that half of the hmx3a expressing cells co-localized 

with cells expressing the transcription factor engrailed1b (eng1b). This is not surprising given 

eng1b specifically labels V1 interneurons and hmx2/3a were identified in the aforementioned 

expression profiling experiment seeking to identify transcription factors expressed by V1 neurons 

[1,10,11]. The other half of hmx2/3a expressing cells are a population of dorsal, excitatory cells 

that also expressed lhx1a and lhx5 but not evx1. By process of elimination that means the other 

half of hmx2/3a expressing cells are dI2 neurons [2,4,12–18] (Fig. 1). These results are consistent 

with Hmx2/3 being expressed in spinal cord regions  likely to be dI2 and V1 in the mouse [19]. 

Excitingly, when hmx2/3a were knocked-down using either ATG or splice-blocking 

morpholinos, Dr. Cerda and Dr. England observed a statistically significant reduction in the 

number of glutamatergic neurons in the spinal cord when they compared injected embryos to un-

injected siblings at 27 h. Furthermore, this reduction of about 35 neurons was roughly half of the 
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total hmx2/3a-expressing cells suggesting the loss had occurred in all of the dI2, hmx2/3a-

expressing neurons. Additionally, when the number of inhibitory cells (slc32a1-expressing) were 

counted, there was a statistically significant increase of inhibitory cells in the hmx2/3a knock-

down embryos when compared to their un-injected siblings. This increase was roughly 29 cells 

which was similar to the number of glutamatergic cells lost in the hmx2/3a knock-down suggesting 

the dI2 neurons had switched their neurotransmitter phenotype. It should be noted that Dr. Cerda 

performed RT-PCR and western blot experiments which demonstrated the splice-blocking 

morpholinos partially blocked splicing while the Hmx3a ATG moropholio blocked all detectable 

Hmx3a protein production (no Hmx2 antibody (Cerda, unpublished). Furthermore, Dr. England 

partially rescued the neurotransmitter phenotype by injecting hmx2/3a RNA demonstrating the 

morpholinos specifically target hmx2/3a. Taken together, these results strongly suggest that the 

transcription factors Hmx2/3a are necessary for the specification of the glutamatergic 

neurotransmitter phenotype as well as the inhibition of an alternative inhibitory phenotype in a 

subset of spinal neurons, presumably dI2 neurons.       

dI2 interneuron morphology has been previously described in mouse and chick. Early 

studies using Ngn2 enhancers to drive reporter constructs revealed that at least some dorsal 

interneuron populations (potentially including dI2 neurons) have commissural axon morphologies 

[14,20,21]. However, it was not until a 2009 study by Avraham et al. that dI2 morphology was 

described in detail. Like the previous studies, Ngn2 enhancers were used to drive a GFP reporter 

in dI2 neurons as well as other neuronal populations in chick spinal cords. The enhancer construct 

EdI2/V1 drove expression in dI2 and V1 interneurons while the EdI1/2 enhancer construct drove 

expression in dI1 and dI2 interneurons and the EdI1 construct drove expression specifically in dI1 

interneurons. By using the EdI2/V1 construct, the authors could identify dI2 contralateral axon 
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morphologies because V1 interneurons only project their axons ipsilaterally [11,22–24]. By using 

the EdI1/2 enhancer additional dI2 morphologies were detected by identifying axon trajectories 

that differed from axon trajectories observed using the dI1 specific, EdI1, enhancer. From these 

experiments the authors determined that the vast majority of dI2 neurons have a contralateral axon 

trajectory with only 8.6% of dI2 neurons having an ipsilateral projection. Furthermore, the authors 

observed that dI2 neurons in the anterior portion of the chick spinal cord sent their axons in an 

ascending direction while dI2 neurons in the most posterior regions of the chick spinal cord 

projected axons caudally. Interestingly, in the lumbar region of the spinal cord, there is a mixture 

of commissural ascending and commissural descending dI2 axon morphologies. 

Methods 

In order to assess the number and the location of synapses of dI2 neurons axon trajectory 

in wild-type and hmx2/3a double knock-down embryos, a TOL2:UAS:synaptophysin-GFP;IRES-

tagRFP construct was generated by Dr. L. Juárez-Morales and Mr. Putz (Fig. 2). This construct 

was injected by Dr. L. Juárez-Morales and me into Tg(hmx3:gal4) embryos to drive tagRFP 

expression in hmx2/3a expressing, dI2/V1 interneurons, and GFP at their synapses [25,26]. 

Specifically, synaptophysin labels synaptic vesicles and pre-synaptic organelles [25,26]. 

Additionally, sibling embryos were injected with the aforementioned construct and a combination 

of hmx2 + hmx3a morpholions to knock-down hmx2/3a function. Also, a p53 morpholino was used 

to reduce non-specific effects [27] (Table 1). Injected embryos were grown to 27 h and fixed as in 

[28]. In addition to the TOL2:UAS:synaptophysin-GFP;IRES-tagRFP approach, we assessed the 

morphology of fluorescent neurons in embryos from “BGUG” fish crossed with Tg(hmx3:gal4) 

fish. This approach allowed for easier axon tracing since only a subset of hmx2/3a expressing 

neurons were labeled due to the highly variegated UAS:mGFP expression caused by the 

Tg(Brn3ac:Gal4);Tg(UAS;mGFP) “BGUG” line, [29,30]. I performed immunohistochemistry to 
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enhance the RFP and/or GFP signal(s) of the fluorescent protein(s) with a rabbit anti-TRFP [1:250] 

(Evrogen, AB231) and mouse anti-GFP (Roche, 1181446001) antibodies as described in [28]. I 

next imaged the embryos using an AXIO LSM 710 confocal microscope and analyzed them using 

ImageJ and AxioVision Rel. 4.8 softwares. I manually traced the axon trajectories and binned the 

neurons into distinct groups based on their gross morphology. Additionally, the number and 

distance between synaptophysin positive puncta were measured in wild-type and morpholino 

injected embryos. Statistical analysis with Dr. Friedman were performed using JMP version 12.0.1. 

from SAS institute Inc., Cary, NC.  

The Tg(hmx3:gal4) line was created and kindly given to us by Dr. Qiling Xu’s lab. They 

generated these fish by using a ~205Kb BAC that contains the hmx3a gene without the first exon 

which was replaced with a gal4 cassette. In addition to the edited hmx3a gene, this BAC contains 

the hmx2 gene.  Unfortunately, we did not realize this fact until I completed my analysis. This 

meant that for the experiments where we knocked down hmx2/3a in the Tg(hmx3:gal4) line, I 

could not be confident that all hmx2 function was knocked-down because of the extra hmx2 copy 

within the BAC.  

Results 

dI2 and V1 interneuron morphologies in WT embryos 

By tracing the axons of neurons in Tg(hmx3:gal4) embryos injected with 

TOL2:UAS:synaptophysin-GFP;IRES-tagRFP or embryos from Tg(hmx3:gal4) fish crossed with 

“BGUG” fish, I was able to bin hmx2/3a expressing neurons into groups with different 

morphologies. In total, I observed 7 different groups of neurons (Fig. 3 and Table 2). The second 

largest group was commissural neurons (33.12%). These were neurons that had axons that crossed 

the midline of the spinal cord and either stopped or immediately joined an existing axon tract. For 

neurons that had axons stop after crossing midline, they were probably developmentally “younger” 
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commissural neurons whose axons had not yet turned and joined an axon tract. For neurons that 

had joined an existing axon tract, I could not determine if those axons were ascending or 

descending which was why I binned them in the more generic “commissural” group. Another 

group observed were commissural ascending neurons (11.46%) (Fig. 3a and Table 2). Those 

neurons had axons that crossed the midline of the spinal cord and obviously turned towards the 

head. Those neurons did not have any visible rostral-caudal arborization on the soma like 

previously described Commissural Primary Ascending (CoPA) neurons [31–35]. For that reason, 

those commissural ascending neurons were probably Commissural Secondary Ascending neurons 

(CoSA). Two additional groups of commissural neurons were observed as well: commissural 

descending (3.82%) and commissural bifurcating (1.19%) (Fig. 3b, c and Table 2). The 

commissural descending neurons were likely Unipolar Commissural Descending (UCoD) while 

the commissural bifurcating were likely Commissural Bifurcating Longitudinal (CoBL) neurons 

because their respective morphologies matched previous descriptions for those groups [31,32].  

In addition to commissural axon morphologies, I also observed ipsilateral axon 

morphologies. Specifically, I observed ipsilateral ascending (36.94%), ipsilateral descending 

(6.37%), and ipsilateral bifurcating (6.37%) neurons. Given that roughly half of the hmx2/3a 

expressing cells also express eng1b and that eng1b is only expressed by V1 spinal interneurons, it 

is very likely that most, if not all, of the ipsilateral neurons observed were V1 interneurons 

[1,10,11]. For that reason, I will refer to these neurons as Circumferential Ipsilateral Ascending 

(CiA)s since V1 neurons have a CiA morphology and since these neurons look like CiA neurons 

[1,10,11] (Fig. 3d and Table 2).    
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No significant change to dI2 morphologies in hmx2/3a knock-down 

I next traced axons of hmx2/3a expressing neurons in embryos that were injected with the 

hmx2 and hmx3a morpholinos. The purpose of this was to determine if axon morphologies are 

disrupted in dI2 neurons which no longer have the correct neurotransmitter phenotype. When I 

compared the percentage of the dI2 neurons by binning group, in wild-type to hmx2/3a knock-

down embryos, I observed a slight reduction in the commissural neuron group while commissural 

ascending and commissural descending groups increased in the morphants (Table 2 and 3). Lastly, 

commissural bifurcating neurons did not change much going from 1.91% to 1.14% of the neurons 

observed. In total, there is no statistically significant difference (p = 0.28612) in the proportions 

of the binned dI2 interneuron axon trajectory phenotypes in WT embryos when compared to 

morpholino injected embryos (Tables 2 and 3). This conclusion was made by performing a Fisher’s 

Exact Test that compared the frequencies of cells that had a commissural, commissural ascending, 

commissural descending, and commissural bifurcating phenotype in wild-type to the frequencies 

of these phenotypes in morpholino injected embryos. In summary, this data suggested that dI2 

neurons had not changed their axon trajectory phenotypes and hence had probably not changed 

their global cell fate to that of a different cell type as we already know hmx3a is expressed in the 

normal numbers of cells.  

On the other hand, there was a significant change in the number of neurons observed for 

the different V1 morphologies. Both the ipsilateral ascending and ipsilateral bifurcating neurons 

dropped from 36.94% to 19.32% and 6.37% to 0% respectively. Conversely, ipsilateral descending 

neurons increased from 6.37% to 11.36%. Lastly, I observed a new group of neurons in morpholino 

injected embryos which I termed “odd morphology”. Those were neurons that did not fit any 

previously described spinal interneuron morphology. One such “odd” neuron had an axon that 

projected out of the spinal cord and into the trunk of the animal but not in a stereotypical 
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motoneuron pattern. Specifically, that neuron was like a CaP motoneurons but with a commissural 

axon trajectory rather than a stereotypical ipsilateral axon trajectory [36]. Moreover, the changes 

in CiA morphology frequencies were significantly different when I compared the ipsilateral 

phenotypes in WT to the morphology frequencies of ipsilateral phenotypes in morphlino injected 

embryos, as determined by a Fisher’s Exact Test (p<0.0001).   

dI2 morphologies do not segregate along the anterior-posterior axis 

I next analyzed the zebrafish body axis position that dI2 neurons were located at to 

determine if the body axis position correlated with a particular axon trajectory phenotype as it does 

in the chick spinal cord [22]. This was done by binning dI2 neurons by position along the body 

axis of the fish. The most anterior binning group was above the yolk ball with the next group being 

at the junction of the yolk ball and yolk extension. The next two binning groups were located above 

the yolk extension and the most posterior group at the end of the yolk extension (Fig. 4).  

There were some key differences in the anterior-posterior position of dI2 neurons in fish 

when compared to chick. One, I found commissural ascending neurons in the most posterior region 

of the spinal cord which is opposite to posterior dI2 neurons in chicks. In chick the sacral/lumbar 

(posterior) region dI2 neurons project their axons caudally [22]. Two, I did not observe any 

commissural descending neurons in the most posterior region of the fish spinal cord. Therefore, 

the general conclusions made about dI2 morphology and their body axis position in chick seem to 

not apply in fish. Interestingly though, I did observe a mixture of commissural ascending and 

descending neurons in the middle portion of the body axis which was reported in the chick. 

Furthermore, I only observed commissural bifurcating neurons in the middle portion of the body 

axis, again reminiscent of the results obtained in chick [22].  
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Synapses are closer and more regularly spaced in hmx2/3a morphant embryos 

Again, my hypothesis was, dI2 axons will project differently or synapse differently when 

hmx2/3a are knocked-down. Since there were no major changes to dI2 axon morphology when 

hmx2/3a were knocked-down, I next examined if there were any subtle changes to their synapses. 

I hypothesized that the number and/or spacing of synapses may change in the hmx2/3a morphants 

when compared to wild-type embryos. To test this hypothesis, I measured the total length of the 

axon, the total number of puncta “synapses” and the distance between each puncta “synapse” in 

wild-type and hmx2/3a knock-down embryos that were injected with the 

TOL2:UAS:synaptophysin-GFP;IRES-tagRFP construct. It should be noted that only neurons that 

had axon that did not join an existing axon tract were assessed in this studies. Furthermore, only 

commissural ascending neurons were evaluated in this study as that was the most abundant dI2 

morphology observed. The other dI2 morphologies were not observed frequently enough for 

feasible quantification. 

Before addressing whether synapses were changed in MO injected embryos, I first 

addressed whether there was a correlation between the number of synapses and axon length. 

Because zebrafish interneurons are not all born at one time, I first had to determine if the neurons 

assessed were at the same developmental ages in my experiment [31,32,35]. Therefore, I used the 

length of the axon as a proxy for the neuron’s developmental age. In doing this, I could correlate 

the number of puncta with axon length to determine if there were differences between the shorter 

“younger” and the longer “older” neurons. If there were differences between the groups I could 

then treat them differently to reduce the noise in my data. With help from Dr. Friedman, we 

assessed whether the standard deviation of the distance between puncta co-varied with the length 

of the neuron. In other terms, we asked if the variability of puncta spacing was different in shorter 

“younger” neurons than longer “older” neurons. The answer was no and can be visualized in the 
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regression plots (Fig 5). Wild-type neurons had an r2 of 0.0055 while morpholino injected embryos 

had an r2 of 0.389. In conclusion, there was no correlation between the length of the axon and the 

variability of puncta spacing. Additionally, we assessed whether the length of neurons differed 

between treatments. By performing an ANOVA we determined that the double knock-down had 

no significant effect on the axon length (p = 0.177). Furthermore, the number of puncta observed 

in wild-type neurons was not statistically different form the number of puncta observed in double 

knock-down embryos (p=0.885). Together these results suggested that there was no statistically 

significant difference in axon lengths both within and between wild-type and morphant groups 

suggesting that the neurons were all of comparable sizes and presumably the same developmental 

ages.  

 We next compared the spacing characteristics of synapses from all the commissural 

ascending neurons assessed in wild-type and morpholino injected embryos since the axon lengths 

were not affected by the treatment and there was no correlation between the number of puncta and 

axon length. When we compared the standard deviation of the distance between puncta in wild-

type (n=10) to morpholino injected (n=10) embryos, using an ANOVA, we found there to be a 

statistically significant difference (p = 0.0309). Specifically, wild-type neurons had an average 

standard deviation of 5.12 +/-2.14 while morpholino injected embryos had an average standard 

deviation of 3.32 +/-1.14. These data suggested morpholino injected embryos had puncta/synapses 

that were more regularly spaced when compared to wild-type dI2, CoSA neurons. This data can 

be visualized in (Fig. 6). In addition to having more variability in their spacing, puncta of wild-

type neurons were generally further apart (p = 0.003), on average the synapses were 9.6 +/-2.8 µm 

apart. On the other hand, hmx2/3a knock-down neurons had synapses that were more regularly 

spaced and closer together, on average they were 6.3+/-0.8µm apart.  
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hmx2 was not adequately knocked-down in Tg(hmx3:gal4) embryos 

As mentioned in the methods section, we used the Tg(hmx3:gal4) line which carried an 

extra copy of the hmx2 gene. This fact was not discovered until I completed the aforementioned 

analysis. Unfortunately, this meant the concentrations of morpholinos in these experiments may 

not have been effective to completely knock-down hmx2 since the optimized morpholino 

concentrations were established in wild-type embryos. These concerns were confirmed by Dr. 

England who performed the necessary control experiments in the Tg(hmx3:gal4) line. She found 

that the concentration of morpholinos used in the axon trajectory and synapse experiments likely 

did not effectively knock-down Hmx2 function. I support this conclusion because Dr. England 

reported that slc17a6 and GAD expression were both increased in Tg(hmx3:gal4) embryos injected 

with the hmx2/3a morpholinos. Specifically, the slc17a6 result directly contradicts the results 

obtained when these morpholinos were injected into a WT background which is why I believe 

Hmx2 function was not adequately knocked-down in the experiments that used the Tg(hmx3:gal4) 

line. Furthermore, these results suggest that hmx2 was overexpressed and it is sufficient for 

inhibitory phenotypes.   

Discussion 

 Primarily, these studies have provided a novel description of zebrafish hmx2/3a expressing, 

presumably dI2, neuron morphology. Roughly half of the hmx2/3a expressing cells had a 

commissural axon morphology while the other half had an ipsilateral axon morphology. These 

observations were consistent with what I expected given half of the hmx2/3a expressing cells are 

likely dI2 neurons which, in chicken, have commissural axon morphologies while the other half 

of hmx2/3a expressing cells are V1 neurons which have ipsilateral axon morphologies 

[1,11,14,20–22,37]. Specifically, I observed several commissural phenotypes that are in line with 

cell types that have previously been described in zebrafish: Commissural Secondary Ascending 
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(CoSA), Unipolar Commissural Descending (UCoD) and Commissural Bifurcation Longitudinal 

(CoBL) (Fig. 3 and Table 2). Furthermore, the ipsilateral phenotypes observed were in line with 

the described Circumferential Ipsilateral Ascending (CiA) phenotype (Fig 3 and Table 2). For 

these reasons, in combination with Dr. Cerda’s and Dr. England’s data, it is likely that the 

commissural neuron morphologies observed are dI2 neurons while the ipsilateral morphologies 

are V1 neurons. However, I cannot completely rule out that some dI2 neurons may have ipsilateral 

axons especially since some ipsilateral dI2 neurons were observed in chick spinal cords [22]. 

Additionally, I have demonstrated that the specific commissural neuron morphologies do 

not appear to correlate in the same way with particular body axis positions like they do in chick. 

In chick sacral/lumbar regions, dI2 neurons have descending projections [22]. In contrast, I 

observed commissural ascending neurons and no commissural descending neurons in the most 

posterior positions (Fig. 4). However, it should be noted that the number of neurons observed at 

some positions were quite low so, it is possible that this conclusion may not hold true if more 

neurons are sampled. Specifically, if I sampled more embryos, I may find that there really are 

commissural descending neurons in the most posterior region of the spinal cord which would be 

more like chick. Interestingly, I do detect a mixture of ascending, descending and bifurcating 

commissural neurons in the middle regions of the zebrafish spinal cord which is reminiscent of the 

dI2 neuron morphologies in the middle of the chick spinal cord [22].  

 Regrettably, I cannot be confident in the results obtained from experiments that I injected 

morpholinos into embryos that carried the Tg(hmx3:gal4) transgene. As I have described above, 

the BAC construct used to generate the Tg(hmx3:gal4) construct contains an intact copy of the 

hmx2 gene. Presumably the extra hmx2 gene is expressed in Tg(hmx3:gal4) embryos. This is likely 

true because when Dr. England injected hmx2/3a morpholinos, at concentrations that resulted in a 
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reduction in the number of glutamatergic neurons in WT embryos, into Tg(hmx3:gal4) embryos a 

reduction in the number of glutamatergic neurons was not observed. These results suggested that 

Hmx2/3a function was not adequately knocked-down. For that reason, it is very difficult to draw 

firm conclusions from data generated when I injected hmx2/3a morpholinos into the 

Tg(hmx3:gal4) line.   

 In regards to that data, I observed no major changes to the gross morphology of 

commissural neurons in hmx2/3a morphants (Table 2 and 3). Again, for the aforementioned 

reasons, I cannot be confident that hmx2 has been sufficiently knocked-down. Therefore, one 

possible explanation for these results is that hmx2 is required for the correct dI2 morphology but 

it was not adequately knocked-down resulting in no phenotype. Additionally, I assessed the 

frequency and spacing of synapses on commissural ascending (CoSA) hmx2/3a expressing, dI2 

neurons (Fig. 5 and 6). I analyzed many different parameters pertaining to the number and spacing 

of synapses on both wild-type and morphant dI2 neurons. The only difference I observed was that 

morphant dI2 neurons had closer more regularly spaced synapses when compared to wild-type dI2 

CoSA neurons. This is quite a subtle phenotype which essentially fits the idea that hmx2 was not 

sufficiently knocked-down and so morphant embryos were more or less wild-type. For these 

reason, we are still left with our original question, do hmx2/3a expressing, dI2 neurons change 

their identity, axon trajectory and/or synapses when hmx2/3a is knocked-down.      

 Interestingly, I did observe some differences in ipsilateral morphologies in hmx2/3a 

morphants which was quite unexpected. These results are unexpected because the morpholinos 

apparently did not knock-down Hmx2 function adequately enough to produce the dI2 

neurotransmitter phenotype and so I would not expect to see a phenotype in another cell type, 

although I cannot rule out the possibility that V1 cells may require a higher concentration of Hmx 
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protein that dI2 cells. I detected changes in V1 morphology frequencies and I detected fewer 

ipsilateral neurons in the morphants (WT = 78, MO = 36) as well as fewer commissural neurons 

(WT = 79, MO = 48). Additionally, I only detected the “odd morphology” in morpholino injected 

embryos. These results may suggest that hmx2/3a expressing neurons are sick and dying in the 

hmx2/3a morphants or they may reflect real functions of Hmx2 and Hmx3a.    

Lastly, all of these analyses were performed on fixed embryos at 27 h. Because of the 

dynamic nature of synapse formation, these data (even in wild-type embryos) may provide a 

misleading picture of how synapses are actually arranged on dI2 neurons. Synapses labeled with 

fluorescent reporters are quite dynamic and many labeled puncta are not stable synapses but rather 

synaptic vesicle being transported along the axon [25,26,38,39]. One typically confirms a puncta 

as true synapses by the co-localization of post synaptic markers with the puncta of interest [26,40]. 

Alternatively, for live neuron imaging in zebrafish, it has been generally accepted that a puncta 

that has not changed for three hours is a putative stable synapse [25,41]. Therefore, for a more 

accurate description of synapses on dI2 CoSA neurons live cell imaging or co-localization assays 

with post-synaptic markers, such as PSD95, is needed.   
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Figures and Legends 

Fig. 1: hmx2/3a are expressed by dI2 and V1 interneurons 

Adaptation of Hori & Hoshino 2012. Cartoon cross-section depicting the neurotransmitter 

phenotype of molecularly distinct neuron populations along the dorsal-ventral axis of the spinal 

cord. Green populations are glutamatergic and red populations are glycinergic and/or 

GABAergic. Chart on right highlights the populations that express hmx2/3a (orange), evx1/2 

(blue) and lhx1/5 (violet).   
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Fig. 2: Diagram of TOL2:UAS:synaptophysin-EGFP-IRES-tagRFP construct 

This construct was constructed using the gateway cloning system by Dr. L. Juárez-Morales and 

Mr. Putz. Construct contains a 10X upstream activation sequence (UAS), a synaptophysin GFP 

fusion and an IRES element fused with tagRFP. These components are flanked on either end by 

Tol2 elements for transposase mediated integration into the zebrafish genome. 
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Fig. 3: hmx2/3a expressing neuron morphology 

Neurons in embryos from Tg(hmx3:gal4) fish crossed with Tg(Brn3ac:Gal4);Tg(UAS;mGFP) fish 

or  Tg(hmx3:gal4) embryos injected with the TOL2:UAS:synaptophysin-GFP;IRES-tagRFP 

construct. a) Commissural ascending (CoSA) presumably dI2 neuron, b) Commissural descending 

(UCoD) presumably dI2 neuron, c) Commissural bifurcating (CoBL) presumably dI2 neuron, d) 

Ipsilateral ascending (CiA) presumably V1 neuron. Scale bar approx. 25µm. 

 

 

 

 

 

 

 



251 
 

Fig. 4: hmx2/3a expressing commissural neurons position along the anterior-posterior axis of the 

spinal cord 

Graph – the x-axis represents the anterior-posterior position along the spinal cord where the 

different hmx2/3a expressing commissural neurons were observed. The origin represents the most 

anterior position of the spinal cord. Y-axis represents the number of neurons observed at the 

different binned anterior-posterior positions. Chart – shows the different hmx2/3a expressing 

commissural neuron types identified and the number of those neurons observed at the different 

anterior-posterior spinal positions. Image – depicts zebrafish embryo with binned region from 

chart depicted.  
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Fig. 5: Regression plot showing axon length vs. the standard deviation of the spacing between 

synapses 

Linear regression plot showing the standard deviation between synapses on the y-axis vs. the total 

length of the axon on the x-axis for each neuron measured separated by wild type (top) and 

morpholino injected (bottom) embryos. Morpholino injected neurons have an r2 of 0.389 while 

wild type neurons have an r2 of 0.0055.  
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Fig. 6: Visualization of the change in distance between each synapse for all measured CoSA 

neurons 

Top graph – visualization of the change in distance between each synapses in the different CoSA 

neurons measured in wild type embryos. Bottom graph – visualization of the change in distance 

between each synapses in the different CoSA neurons measured in morpholino injected embryos. 

Neurons with more variation in the distance between each synapse will have more peaks on the 

graph while neurons with more regular spacing will have a flat line on the graph. When comparing 

the standard deviation of the distance between each synapse in wild type embryos to morpholino 

injected embryos by ANOVA there is a statistically significant difference p = 0.0309.  
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Tables and Legends 

Table 1: Concentrations of components injected in Tg(hmx3:gal4) embryos  

Left column describes each component injected. Right column is the final concentration injected 

for each component. Approximately a 3.5nL volume of the cocktail was injected. Additionally, 

stock components were diluted with water and a tracer, phenol red.  

Component Final Concentration 

hmx2 MO 1.5µg/µL 

hmx3a MO 1.5µg/µL 

p53 MO 4ng/µL 

TOL2:UAS:synaptophysin-GFP;IRES-tagRFP  9.5ng/µL 

Transposase 15µg/µL 
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Table 2: hmx2/3a expressing spinal neuron morphology in wild type and hmx2/3 morphants 

Top –  Chart shows the number and percentage of each morphology observed in wild type embryos 

from Tg(hmx3:gal4) fish crossed with Tg(Brn3ac:Gal4);Tg(UAS;mGFP) fish or  Tg(hmx3:gal4) 

embryos injected with the TOL2:UAS:synaptophysin-GFP;IRES-tagRFP construct.  Bottom – 

Chart shows the number and percentage of each morphology observed in hmx2/3a morpholino 

injected embryos from Tg(hmx3:gal4) fish crossed with Tg(Brn3ac:Gal4);Tg(UAS;mGFP) fish or  

Tg(hmx3:gal4) embryos co-injected with the TOL2:UAS:synaptophysin-GFP;IRES-tagRFP 

construct.   

WT Phenotypes 
Number 

Observed 

Percentage of Neurons with 

Phenotype 

Percentage dI2 & 

V1 

Commissural 52 33.12% 

50.32% 
Commissural Ascending (CoSA) 18 11.46% 

Commissural Descending (UCoD) 6 3.82% 

Commissural Bifurcating (CoBL) 3 1.91% 

Ipsilateral Ascending (CiA) 58 36.94% 

49.68% Ipsilateral Descending (CiA) 10 6.37% 

Ipsilateral Bifurcating (CiA) 10 6.37% 

Total Neurons 157     

Hmx2/3a MO Phenotypes 
Number 

Observed 

Percentage of Neurons with 

Phenotype 

Percentage dI2 & 

V1 

Commissural 25 28..41% 

54.55% 
Commissural Ascending (CoSA) 12 13.64% 

Commissural Descending (UCoD) 10 11.36% 

Commissural Bifurcating (CoBL) 1 1.14% 

Ipsilateral Ascending (CiA) 17 19.32% 

30.68% Ipsilateral Descending (CiA) 10 11.36% 

Ipsilateral Bifurcating (CiA) 0 0.00% 

Odd Morpholgoy 9 10.23% 10.23 

Total Neurons 88     
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